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Abstract 
 
GaSb/GaAs quantum dots (QD) were grown by atmospheric pressure (AP) 
metal-organic vapour phase epitaxy (MOVPE) using triethylgallium (TEGa), 
tertiarybutylarsine (tBAs) and trimethylantimony (TMSb) as gallium (Ga), 
arsenic (As) and (Sb) sources, respectively.  
 
The effect of AP-MOVPE growth parameters on the formation of GaSb QD 
structures on GaAs was studied. The formation of small, coherent GaSb dots 
on GaAs improved with decreasing V/III ratios, which were controlled through 
changing either the TMSb/TEGa ratio at a constant growth temperature or 
changing the growth temperature at a constant TMSb/TEGa ratio. The 
maximum effective V/III ratio for dot formation was 0.175. The dot density was 
more sensitive to growth time than to source mole fraction in the reactor, since 
time determines the amount of deposited material. The dot density increased 
with increasing growth time, while the shape and size of the dots were more 
sensitive to the source vapour mole fraction, which controls the growth rate. 
Lower mole fractions resulted in smaller sized dots with a more uniform 
distribution compared to higher mole fractions. Dome-shaped dots with 
densities as high as 4×1010 cm-2, average base length of 35 nm and average 
height of 5 nm were achieved. 
 
Capping of GaSb QDs at high temperatures caused flattening and the 
formation of a thin, inhomogeneous GaSb layer inside GaAs. No obvious QD 
photoluminescence (PL) peak was detected for these samples. A two stage 
process for capping the dots (involving growth of a low temperature GaAs 
cap, followed by a high temperature cap) led to the retention of the dot-like 
features in/on a wetting layer (WL) of GaSb and distinct PL peaks for both the 
QDs and WL. An increase in excitation power during PL measurements for 
this particular sample caused the QD and WL peaks to shift to higher 
energies. This is attributed to electrostatic band bending, leading to triangular 
potential wells, typical for type II band alignment between GaAs and strained 
GaSb. Variable temperature PL measurements showed the decrease in the 
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intensity of the WL peak to be faster than that of the QD peak as the 
measurement temperature increased. 
 
A detailed high resolution transmission electron microscopy analysis was 
performed to study the morphology and chemical interaction between GaAs 
and GaSb regions for capped GaSb/GaAs QDs.  The capped dots had 
dimensions similar to those of uncapped dots and had a higher concentration 
of Sb at their center, with the periphery being intermixed with GaAs. 
Measurement of lattice strain performed inside these dots revealed the strain 
to be distributed inhomogenously throughout the dot area. 
 
The effect of GaAs host matrix on excitonic behaviour in AP-MOVPE grown 
GaSb/GaAs quantum dots was investigated. Room temperature (RT) PL 
emission was achieved from a single layer of quantum dots by controlling the 
GaAs host matrix growth temperature. These samples were prepared using a 
GaSb dot growth temperature of 530 °C, followed by growth of a thin GaAs 
‘cold’ cap, before depositing the final part of the GaAs capping layer at either 
550 °C, 600 °C or 650 °C. PL measurements at 10 K revealed QD emission 
peaks for all the samples at around 1.1 eV. However, variable temperature PL 
revealed different thermal quenching rates of the emission, with the rates of 
quenching reduced with increasing GaAs growth temperature. This was 
ascribed to reduced defect densities in GaAs grown at higher temperature, 
which resulted in QD emission even at RT. This RT emission peaked at 
approximately 1 eV. The hole localisation energy determined for these 
samples at RT was approximately 470 meV. 
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CHAPTER 1: Introduction 
 
1.1 Rationale 
GaSb quantum dots (QDs) in a GaAs host matrix have some unique and 
interesting properties that are exploited in a number of applications [1,2]. The 
system has a type II band alignment, providing strong spatial confinement for 
holes, while only binding electrons via Coulomb interaction [3,4]. This leads to 
optical properties that are different from those of type I QDs, such as a long 
radiative lifetime, a dot-shape dependent oscillator strength, and large 
tunability of emitted/absorbed photons [5]. It has been shown that a GaAs 
based p-i-n solar cell device containing layers of GaSb quantum dots/rings 
fabricated by molecular beam epitaxy (MBE) had improved efficiency at longer 
wavelengths of up to 1.5 μm [1,2]. The deep confinement potential for holes in 
the GaSb/GaAs QD system can also provide room-temperature charge 
storage for memory devices [6-8]. This system has also been studied for 
semiconductor laser [9-12], light emitting diode [13,14] and infrared photo 
detector [15] applications. The optical properties of GaSb/GaAs QD 
structures, like other semiconductor quantum dot structures, depend on 
physical properties such as dot size, shape and composition, since these 
determine the electronic structure. The desired physical properties for good 
quality dots are a high density of small coherent islands with good size 
uniformity and minimal formation of dislocations (dislocated islands). These 
physical parameters can in turn be influenced by the growth conditions and 
growth parameters such as growth temperature and growth sequence, growth 
interruption between some of the growth steps, as well as capping [16-25]. 
Therefore the growth conditions can be used to tune the properties of these 
structures. 
 
There is approximately seven percent difference in the lattice constants of 
GaAs and GaSb, meaning that it is possible to form GaSb nanostructures on 
GaAs via self-assembly. The typical procedure for fabrication of this system 
involves the deposition of a GaAs buffer layer on a pre-cleaned GaAs 
substrate, followed by the deposition of a few monolayers of GaSb to form 
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QDs. Finally, a GaAs cap is deposited to complete the confinement of GaSb 
QDs in the GaAs matrix. An understanding of the formation of the GaSb QD 
structures on GaAs is a prerequisite for the control and tunability of its 
structural, electrical and optical properties. 
 
MBE is the most widely used technique for the fabrication of GaSb/GaAs QD 
structures [1,5,24,27-31]. As a result, most of the studies focusing on the 
technological applications of these structures have been performed using 
MBE as the growth technique. 
 
Due to its rapid sample turn over and lower cost compared to MBE, metal-
organic vapour phase epitaxy (MOVPE) is more suited to large scale industrial 
growth. Yet, just like MBE, MOVPE in principle also provides the control over 
the deposition conditions required to systematically study QD formation. 
 
1.2 Objectives 
Therefore, the main objective of this study is to: 
-Fabricate GaSb QDs in a GaAs matrix using atmospheric pressure (AP) 
MOVPE as deposition technique.  
 
-Improve the dot quality by studying the influence of various deposition 
parameters, such as the V/III ratio, growth temperature, etc. on the size, 
shape and density of GaSb/GaAs QDs. 
 
- Study the structural, morphological and optical properties of the formed 
quantum dot structures. 
 
1.3 Thesis outline 
The rest of this thesis is outlined as follows: Chapter 2 gives an introduction of 
the basic theoretical framework for semiconductor quantum dots. A literature 
review of GaSb/GaAs QDs is also presented in this chapter. The descriptions 
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of the system used for sample fabrication as well as the processes involved 
are presented in chapter 3. Brief descriptions of each of the sample 
characterisation techniques used in this study are also given in this chapter. 
Results from a study of the formation of uncapped GaSb nanostructures on a 
GaAs substrate, aimed at determining the conditions for achieving the desired 
small-sized, uniformly-shaped and uniformly-distributed nanostructures, are 
presented in chapter 4. A study on the capping procedures required for the 
formation of GaSb QDs inside GaAs is presented in chapter 5.  Chapters 6 
and 7 present structural and optical properties, respectively, of the 
GaSb/GaAs QD structures fabricated in this study. Finally, the thesis is 
concluded with the summary of the main results and the salient deductions 
made from them. 
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CHAPTER 2: Theory and background 
 
2.1 Basic theoretical framework for semiconductor quantum dots 
2.1.1 Introduction 
In order to understand the concept of semiconductor quantum dots it is 
necessary to understand the following concepts: electronic band structure, 
semiconductor optical properties, semiconductor types, band alignment and 
quantum confinement. The basic understanding of quantum dots starts by 
considering an atom and its electronic levels. When atoms are brought 
together to form bulk material, the individual atoms interact to produce 
electronic bands which span the bulk material in which the valence electrons 
(electrons in an outer shell of an atom) move. The highest energy band which 
is occupied by electrons at absolute zero temperature is known as the valence 
band, and the lowest unoccupied energy band is the conduction band. The 
energy difference between the valence band and conduction band is the band 
gap. 
 
2.1.2 Band structure 
If the conduction bands are completely filled while the valence bands are 
completely empty, the material behaves as an insulator as no electrons can 
move in an applied electric field. Partially filled bands result in conductors 
(metal). Slightly filled or slightly empty band(s) lead to the behaviour of a 
semiconductor, which has electrical conductivity between that of a conductor 
and an insulator. Figure 2.1 is a schematic representation of the band 
structures of the three types of materials. The main difference between the 
band gaps of insulators and semiconductors is that the forbidden region 
between the valence band and conduction band (also known as the band gap 
Eg) is larger in an insulator, resulting in fewer electrons being thermally 
excited across the band gap at standard temperature, therefore leading to 
lower electrical conductivity. Typical band gaps are between 0 eV and 3.5 eV 
for semiconductors, greater than 3.5 eV for insulators and 0 eV for metals. 
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Figure 2.1: Typical valence and conduction band arrangement at low temperature for 
metals, semiconductors and insulators. 
 
 
2.1.3 Semiconductor optical properties 
Optical emission in semiconductors results from electrons in higher energy 
states recombining with holes in lower energy states with the emission energy 
being equal to the difference in the energy states. This is schematically 
illustrated in Figure 2.2. When recombination occurs by an electron in the 
conduction band recombining with a hole in the valence band by making a 
transition through the band gap, then the emitted energy is approximately 
equal to the band gap of the material. The energy of the emission is therefore 
dependent on the band gap. The energy of the photons emitted via 
recombination through the band gap could have lower energy than the band 
gap due to the fact that the excited electron in the conduction band is bound 
by Coulombic attraction to the hole in the valence band. The minimum photon 
energy needed to excite an electron from the valance band to the conduction 
band is equal to the band gap energy of the material. 
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Figure 2.2: Schematic of light emission in a semiconductor. 
 
2.1.4 Semiconductor types 
Semiconductor band gaps are classified into direct and indirect types. This 
classification is based on the positions of the lowest point in the conduction 
band edge and the highest point in the valence band edge in k-space. As 
shown in Figure 2.3, these bands of energy vary in wave vector space (k 
space). If the conduction band minimum and the valence band maximum 
occur at the same k-vector in the Brillouin zone, the band gap is direct; 
however if the conduction band minimum and valence band maximum occur 
at different k-vectors the band gap is indirect. 
 
The optical properties of a semiconductor material are greatly influenced by 
the nature of its band gap. In case of materials with a direct band gap, 
radiative recombination is possible by a simple process where an electron at 
the bottom of the conduction band recombines with a hole at the top of the 
valence band, releasing the excess energy as a photon with energy equal to 
the band gap. This simple process is not possible in an indirect band gap 
semiconductor, as the conservation of crystal momentum would be violated. 
For radiative recombination to occur, the recombination process must also 
involve the absorption or emission of a phonon (quantum of vibration in the 
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crystal lattice), whose momentum equals the difference between the electron 
and hole momentum. Interactions among electrons, holes, phonons, and 
photons are essential for conservation of energy and crystal momentum (i.e. 
conservation of the total k-vector). The required involvement of phonon results 
in a lower probability of occurrence of radiative recombination processes in 
indirect band gap semiconductor materials. The simplicity of the optical 
transition processes in direct band gap semiconductors make direct band gap 
materials favourable over indirect band gap material for opto-electronic 
applications. 
 
 
 
Figure 2.3: Direct and indirect electron transitions in a semiconductor. E represents 
electronic energy while k is the crystal momentum. 
 
Both the valence band and conduction bands have a certain number of states 
for carriers to occupy at a given energy. This is known as the density of states 
(DoS). Using electron wave vectors, the DoS can be found by deriving the 
electron volume in k-space with respect to energy. 
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2.1.5 Semiconductor band gap engineering 
The band gap of semiconductors can be modified in a number of different 
ways in order to tune their optical properties such as absorption/emission 
wavelength and frequency range of operation. This can be achieved by 
controlling the composition of the individual elementary or binary constituents 
that make up semiconductor alloys such as SiGe, AlGaAs, InGaAs, and 
InAlAs [32-36]. Some of the modification procedures include fabricating novel 
heterostructures such as quantum wells QWs [37- 39], QDs [40-51], strained 
layers [51-60], and layered materials with alternating compositions [61-63] etc. 
 
Heterojunctions are formed when two different materials (or alloys with 
different composition) are combined epitaxially. Due to the fact that different 
materials/alloys have different band gaps and different electron affinities, the 
band edges of the valence and conduction bands will align in a certain way.  
Semiconductor heterostructures are classified into different types based on 
the type of band alignment at the heterointerface. These are type I with a 
straddling alignment, type II with a staggered alignment and type III with a 
broken gap alignment, as shown in Figure 2.4. 
 
 
 
 
Figure 2.4: Different band alignments at a heterointerface. 
 
In the type I heterostructures the band edges of a semiconductor with a 
narrower band gap are entirely enclosed within the one with a wider band gap, 
as shown in Figure 2.4 (a). In such type I structures, an electron-hole (e-h) 
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pair excited near the interface has a tendency to localize in the semiconductor 
with the narrower band gap. In type II heterostructures the resultant band gap 
is “spatially indirect” and is determined by the energy separation between the 
conduction band edge of one semiconductor and the valence band edge of 
the other semiconductor, as schematically represented in Figure 2.4 (b). The 
energy gradient at the interfaces leads to spatially separated electrons and 
holes which will be located on different sides of the interface, as the lowest 
energy states for electrons and holes are in different semiconductors [64]. In 
type III alignment, the conduction band in one material overlaps the valence 
band in the other and electrons and holes can move spontaneously between 
regions, unless restrained by an electric field, as in the case of the depletion 
region of a p-n diode. This is illustrated schematically in figure 2.4 (c). 
 
2.1.6 Quantum confinement 
Quantum-confined materials refer to structures which are constrained to 
nanoscale lengths in one, two or all three dimensions. The length along which 
there is quantum confinement must be smaller than de Broglie wavelength of 
the charge carrier for typical thermal energies in the medium. Artificially 
created structures with quantum confinement in one, two or three dimensions 
are called QW, quantum wires and QDs, respectively.  
 
If a heterostructure consists of a region of lower band gap material bordered 
on both sides by higher band gap material, the charge carriers will be confined 
within the regions of lower energy in the valence and conduction bands. Such 
a structure is a realization of the idealized particle in a well problem, which is 
typically used to understand quantum confinement [65-70]. The equivalence 
of a particle in a potential well situation in a semiconductor heterostructure is a 
QW. QWs are structures characterized by a region of low potential having 
width d, surrounded by an essentially infinite potential, confining any and all 
particles within the well.  By convention, the potential inside the well is set to 
zero in order to simplify solving the Schrödinger equation. Since the sides are 
infinite, it has no effect on the solution. According to quantum theory, only 
discrete values of energy are allowed to exist within a quantum well. Every 
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particle has a de Broglie wavelength, λdB based upon its mass and energy, 
and the energy states allowed in a quantum well correspond to the energy 
levels that cause the de Broglie wavelength to form a standing wave. The de 
Broglie wavelength and the condition for a standing wave are given as: 
 
𝜆𝜆𝑑𝑑𝑑𝑑 = � ℎ22𝑚𝑚𝑚𝑚                                                 2.1 
 
dn dB 2=λ                                               2.2 
 
where h is Plank’s constant, m is particle mass and λdB is de Broglie 
wavelength. 
 
By substituting for the wavelength and solving for energy yields an expression 
for energy as a function of the integer n. 
 
𝐸𝐸𝑛𝑛 =  ℎ2𝑛𝑛28𝑚𝑚𝑑𝑑2                                             2.3 
 
Each value of n corresponds to one of the allowed energy states, with n=1 
being the lowest. This is illustrated in figure 3.5. The standing wave in the 
quantum well will have n half-wavelengths. 
 
 
 
 
Figure 2.5: 1-D quantum well energy states. 
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This expression can also be found by solving the Schrödinger equation within 
the quantum well and applying boundary conditions. The time-independent 
Schrödinger equation is as follows: 
 
−ℎ2
8𝜋𝜋2𝑚𝑚
𝜕𝜕2𝜓𝜓
𝜕𝜕𝑥𝑥2
= (𝐸𝐸 − 𝑉𝑉)𝜓𝜓                                            2.4 
 
When the potential, V, is zero, solving this simple differential equation yields a 
periodic expression for the wave function that is shown below. 
 
𝜓𝜓 = 𝐴𝐴 sin��8𝜋𝜋2𝑚𝑚𝑚𝑚
ℎ2
𝑥𝑥� + 𝐵𝐵 cos��8𝜋𝜋2𝑚𝑚𝑚𝑚
ℎ2
𝑥𝑥�                         2.5 
 
The boundary conditions are that the wave function is equal to zero when x=0 
and when x =d, which immediately shows that B=0. Unless the particle does 
not exist, A must not be equal to zero, therefore the expression inside the sine 
function must equal an integer value of π. Once that condition is met, one can 
solve for E as a function of n. 
 0 = 𝐴𝐴 sin��8𝜋𝜋2𝑚𝑚𝑚𝑚
ℎ2
𝑑𝑑�                                       2.6 
 
𝑛𝑛𝑛𝑛 = �8𝜋𝜋2𝑚𝑚𝑚𝑚
ℎ2
𝑑𝑑                                          2.7 
 
𝐸𝐸𝑛𝑛 =  ℎ2𝑛𝑛28𝑚𝑚𝑑𝑑2                                              2.8 
 
In a three dimensional cubic well, standing waves, or modes, can exist in all 
three dimensions independent of one another. Thus, the expression for the 
allowed energies is modified and now contains three values for n, one 
corresponding to each direction. 
 
𝐸𝐸𝑛𝑛1𝑛𝑛2𝑛𝑛3 = ℎ2�𝑛𝑛12+𝑛𝑛22+𝑛𝑛32�8𝑚𝑚𝑑𝑑2                                  2.9 
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If the width is not the same in each direction, the energy will be a sum of three 
different energy equations, each one expressing the energy level in terms of 
the relevant width for that dimension. 
 
Due to their extremely small size (in the order of a few nanometres), QDs 
behave similarly to three dimensional QWs. 
 
For a type I alignment, when an electron in a QD is excited by a photon, it 
behaves as a particle confined in an infinite potential well, since the electron 
cannot escape from the quantum dot. The hole, created by the excited 
electron, behaves in the same fashion. 
 
 
 
Figure 2.6: Energy diagram of a type I semiconductor quantum dot. 
 
Figure 2.6 is a schematic diagram of energy states within a type I quantum 
dot. The electron, when excited, exists in the conduction band in one of the 
energy states, and the hole exists in the valence band, also in one of the 
allowed energy states. Therefore, the minimum difference in energy between 
the electron and hole is not simply the band gap, but the energy difference 
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between the n=1 energy state of the hole in the valence band, and the n=1 
energy state of the electron in the conduction band. This difference is equal to 
the energy of the confined electron plus that of the hole, plus the material 
band gap energy. 
 
𝛥𝛥𝐸𝐸 = ℎ𝑐𝑐
𝜆𝜆
= 𝐸𝐸𝐸𝐸 + ℎ2�𝑛𝑛12+𝑛𝑛22+𝑛𝑛32�
8𝑚𝑚𝑒𝑒
∗𝑑𝑑2
+ ℎ2�𝑛𝑛12+𝑛𝑛22+𝑛𝑛32�
8𝑚𝑚ℎ
∗ 𝑑𝑑2
                       2.10 
 
where 𝑚𝑚𝑒𝑒∗  and  𝑚𝑚ℎ∗  are excited electron and hole effective masses, 
respectively.  A photon must have this amount of energy to excite an electron 
and be absorbed. In a semiconductor material, the hole and the electron have 
different effective masses in the above equation, and these values can be 
obtained from a semiconductor materials handbook. 
 
There is one other factor that affects the energy required to excite an electron, 
referred to as the exciton effect. The two charge carriers, the hole and the 
electron, do not exist in isolation. They interact with each other, creating a 
negative potential energy term shown below. 
 
𝑉𝑉 = −𝑒𝑒2
4𝜋𝜋𝜋𝜋𝜋𝜋
                                                 2.11 
 
where e is an electronic charge and ε is permittivity and r is the Bohr radius of 
the exciton. The two charge carriers orbit each other, similar to the interaction 
between a proton and electron in a hydrogen atom, and this leads to an 
additional kinetic energy term. Since the proton is much more massive in the 
atom, it is considered to be fixed with the electron orbiting around it. A similar 
assumption can be made about the hole; although it is not nearly as massive 
as a proton, it is still heavier than the electron. Taking into account the 
centripetal force confining the electron to its orbit (i.e. the Coulomb force), and 
knowing the relation between acceleration 𝑎𝑎 and velocity for circular motion v, 
it is possible to solve for the kinetic energy KE. 
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𝑎𝑎 = 𝑣𝑣2
𝜋𝜋
                                                   2.12 
 
𝑒𝑒2
4𝜋𝜋𝜋𝜋𝜋𝜋2
= 𝑚𝑚𝑒𝑒∗ 𝑣𝑣2𝜋𝜋                                               2.13 
 
1
2
𝑚𝑚𝑣𝑣2 = 𝑒𝑒2
8𝜋𝜋𝜋𝜋𝜋𝜋
= 𝐾𝐾𝐸𝐸                                      2.14 
 
The total energy of the electron hole combination is then equal to the kinetic 
energy plus the potential energy. 
 
𝐸𝐸𝑥𝑥 = 𝐾𝐾𝐸𝐸 + 𝑉𝑉 = 𝑒𝑒28𝜋𝜋𝜋𝜋𝜋𝜋 − 𝑒𝑒24𝜋𝜋𝜋𝜋𝜋𝜋 = − 𝑒𝑒28𝜋𝜋𝜋𝜋𝜋𝜋                       2.15 
 
By including this factor, the final expression for the energy of an absorbed or 
emitted photon in a QD is as follows: 
 
ℎ𝑐𝑐
𝜆𝜆
= 𝐸𝐸𝐺𝐺 + ℎ2�𝑛𝑛12+𝑛𝑛22+𝑛𝑛32�8𝑚𝑚𝑒𝑒∗𝑑𝑑2 + ℎ2�𝑛𝑛12+𝑛𝑛22+𝑛𝑛32�8𝑚𝑚ℎ∗𝑑𝑑2 − 𝑒𝑒28𝜋𝜋𝜋𝜋𝜋𝜋                   2.16 
 
Quantum confinement also affects the DoS. Since it leads to certain allowed 
quantized energies, quantum confinement causes a collapse of the 
continuous energy bands typical for bulk material into discrete, atomic-like 
energy levels. 
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Figure 2.7: Evolution of density of states g(E) from bulk semiconductor to 3-D confined 
quantum dots [71]. 
 
Figure 2.7 [71] illustrates the DoS for different degrees of confinement. In a 
bulk semiconductor, Figure 2.7 (a), the DoS is proportional to the square root 
of the electron energy. In a QW, Figure 2.7 (b), the DoS resembles a 
staircase, and the edge of the band (lowest electron state) is shifted to higher 
energies while a quantum wire Figure 2.7 (c) has a delta-like DoS. However, 
in QDs the energy levels are discrete, Figure 2.7 (d) and the DoS consists of a 
series of sharp (delta-function-like) peaks corresponding to the discrete 
energies of the electrons. 
 
Another implication of quantum confinement is that the emitted/absorbed 
photon energy depends on the size of the quantum structure rather than it 
simply being dependent on the type of material. A decrease in size leads to a 
larger energy. 
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2.2 GaSb literature review 
2.2.1 Introduction 
There are typically two types of heterojunctions for semiconductor quantum 
structures that are used in various photonic device applications. These are 
based on the energy band alignment between the host matrix and the nano 
structure. Figure 2.8 shows schematics of heterojunctions for type I and type II 
quantum structures. Examples of type I and type II quantum structures are 
InAs/GaAs and GaSb/GaAs, respectively. In type I structures both electrons 
and holes are confined in the nano structure, while in type II structures only 
holes are strongly confined in the nanostructure with electrons in the host 
matrix loosely bound via Coulombic attraction. 
  
 
 
Figure 2.8: Energy band alignment for (a) type I (e.g. InAs/GaAs) and (b) type II (e.g. 
GaSb/GaAs) QDs. 
 
Compared to type I structures there is no obvious advantage of type II 
confinement. It’s just that for a type II system, the spatial separation of holes 
and electrons lead to long radiative lifetimes [26]. In a GaSb/GaAs QD system 
the band alignment yields an electron band transition of approximately 1.1 eV 
from the GaAs conduction band edge to the GaSb QD valance band edge. It 
is also anticipated that for type II QDs the Auger recombination mechanism 
will be suppressed, preventing problems common in conventional types of 
semiconductor lasers [72]. Another advantage of the type II GaSb/GaAs QD 
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structure is a dot-shape dependent oscillator strength and large tunability of 
emitted/absorbed photons by tuning the size, shape and chemical 
composition of the nano-sized material. 
 
2.2.2 Fabrication methods 
GaSb quantum dots can be formed by self-assembly or by droplet epitaxy 
mechanisms, using either MBE or MOVPE. Recent studies have shown that 
GaSb/GaAs quantum structures can also be achieved via liquid phase epitaxy 
(LPE). 
 
2.2.2.1 Self-assembly 
Self-organised growth is attributed to the relaxation of strain induced by a 
large lattice mismatch between the film and the substrate. This approach 
takes advantage of the natural tendency of a strained, heteroepitaxial thin film 
to roughen and in some cases to form 3D islands. Strain relaxation leads to 
dislocations, which are unwanted. The transformation from 2D to 3D is driven 
by three energies – interface and the two surfaces (matrix, epi-material). The 
most exploited mechanism for achieving QDs is the Stranski-Krastanov (S-K) 
growth mode. The S-K process involves the initial deposition of a wetting layer 
(2-dimensionally), followed by subsequent strain-induced adatom migration 
and nucleation. This results in the formation of isolated three-dimensional 
islands. When a self-assembled QD forms, it generally forms a pyramidal 
shape. However, in order to create a useful technological device the 
structures are then "capped" with a further layer of the host substrate, in the 
case of GaSb/GaAs quantum dot the capping layer is GaAs. 
 
2.2.2.2 Droplet epitaxy 
Since the S-K growth method is based on strain which arises as the result of 
lattice mismatch between a substrate and an epilayer, this may lead to the 
formation of defects in the QD. As a result, a process was investigated with 
the view of reducing the defects formed near the base edges of QDs 
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produced by droplet epitaxy [73]. In droplet epitaxy, a group-III (Ga, In) 
molecular beam is initially supplied to the substrate surface without the 
presence of group-V (As, Sb) atoms, leading to the formation of liquid (Ga, In) 
droplets as an intermediate growth step. A group-V flux is then supplied to 
crystallize the droplets into III–V nano-crystals. This method has offered 
opportunities for the development of versatile In(Ga)As/Ga(Al)As quantum 
structures including QDs, QD-pairs, QD molecules, quantum rings, quantum-
double rings, and quantum holes. The advantages of this method include the 
option of low-temperature growth, the formation of very sharp boundaries 
between the dot and barrier, and a more spherical dot shape compared with 
structures obtained from the S-K growth mode [74]. The liquid nature of the 
droplet also tends to produce dislocation-free and coherent nano crystals. 
 
2.2.3 Literature data on GaSb quantum dot structures 
2.2.3.1 Self-assembled growth 
2.2.3.1.1 MBE grown GaSb QDs 
A comprehensive literature review on GaSb/GaAs QDs, from the first reported 
data until the year (2007) can be found in reference [75]. The first reported 
data on GaSb/GaAs QDs, grown by MBE, was published in 1995 by Hatami et 
al. [73]. They concluded that the formed structures were pyramidal-shaped, 
with a nearly square base. The average lateral size was 22 nm and the 
density was about 4 x 1010 cm-2. Extended optical studies published in 1998 
explored the carrier dynamics of these QDs by photoluminescence (PL), PL 
excitation (PLE) and cathodoluminescence (CL) spectroscopy, confirming the 
type II band alignment by an observed blue shift of the QD luminescence with 
increasing excitation density [16].  The blue shift was explained by the spatial 
separation between holes and electrons, leading to the formation of an 
increasing dipole layer and increased band bending at the QD interfaces with 
increasing carrier density and thus to a larger energy separation between 
confined hole states in the QD and Coulomb-bound electron states in the 
neighbouring GaAs [76]. The optical results were later confirmed by results 
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published by Sun et al. [77]. Details of the band alignment were studied by 
Rubin et al. using ballistic electron emission microscopy [78].  
 
More work dedicated to the understanding of GaSb/GaAs QD formation was 
conducted by Bennet et al. [79-82] by studying several stages of the QD 
formation process of MBE grown antimony based semiconductor QDs through 
transmission electron microscopy (TEM), atomic force microscopy (AFM) and 
in-situ scanning tunnelling microscopy (STM). Through STM, they observed 
that the wetting layers (WLs) that form during deposition of GaSb on GaAs are 
not uniform, but consist of anisotropic, ribbon-like structures with characteristic 
separations of 4-5 nm and heights of a few angstroms[80,82]. These WLs 
coexisted with self-assembled QDs. AFM and TEM measurements revealed 
small QDs of 15 nm lateral size, larger QDs with in average 28 nm diameter 
and 3.2 nm height up to large, relaxed GaSb islands containing dislocations. 
The type II nature of their QDs was confirmed by PL measurements [76], and 
deep level transient spectroscopic studies revealed the strong hole 
confinement with activation energies of 400 meV and more [83]. 
 
Suzuki et al. [3,5,29,84] studied GaSb/GaAs QD structures, focusing on the 
influence of the amount of deposited GaSb on the general optical and 
structural properties. They obtained QD sizes ranging from about 26 nm in 
diameter and 6.2 nm in height to 32 nm in diameter and 9.5 nm in height [3, 
29,5] and also grew the first stacked GaSb QD layers [84]. GaSb/GaAs QDs 
with clearly separated QD and WL were successfully grown by suppressing 
Sb-As exchange on the surface of the GaSb QDs during capping [5,84]. 
 
Luo et al. al [17] studied the effect of growth interruption (GI) prior to QD 
capping during MBE. They found that GI can significantly change the surface 
morphology of GaSb QDs. During GI, the QDs smoothed out, transforming 
into 2D-like structures. The duration of the GI required for the 3D/2D transition 
depended on the growth time of the GaSb QDs, with longer GIs required with 
an increase in the growth time. 
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Fu et al. [86] performed a theoretical study of the growth dynamics of self-
assembled GaSb quantum dots QDs on GaAs substrate, using a kinetic 
Monte Carlo method, and found that the strain caused by the lattice mismatch 
between the GaSb epitaxial material and the GaAs substrate was directly 
responsible for the three-dimensional QD formation. They also found that 
different geometries of the initial seeds that form on the GaAs surface can 
result in different architectures of the GaSb nanostructures, such as nano 
strips or nano rings. 
 
2.2.3.1.2 MOVPE grown GaSb QDs 
The first reported data on MOVPE grown GaSb QDs was published by Müller-
Kirsch et al. in 2000 [87].  MOVPE-grown GaSb QDs were also achieved later 
and published by Motlan et al. [88].They obtained QDs with an average base 
width of about 40 nm,  a height of 5 nm and a density of 1.6 × 1010 cm-2 [88]. 
These were reported to co-exist with large islands with a base width of more 
than 100 nm. They also studied the optical and structural properties of 
stacked multilayer structures, showing a vertical ordering of the QDs [89,90]. 
Using PL spectroscopy, Motlan et al. [91] found a separation between their 
QD and WL emission peaks of 300 meV, which is about twice as large as the 
corresponding value typically reported for MBE grown GaSb QDs [5]. They 
concluded that this results from different degrees of Sb/As intermixing in the 
the WL for MOVPE and MBE [91,92]. A blue shift of the PL peak with 
increasing excitation energy, as already demonstrated for MBE-grown 
samples, confirmed the type II band alignment also for the MOVPE-grown 
GaSb QDs. 
 
Müller-Kirsch et al. reported GaSb/GaAs QD structures with a typical  base 
width of 26 nm width and a height of 3.5 nm [4, 93]. For small amounts of 
GaSb deposited, prior to the formation of distinct QD structures, they 
observed by high-resolution TEM QW with an inhomogeneous composition.  
Antimony-rich regions within this layer with lateral dimensions of the order of 
10 nm were found to exhibit QD confinement [87,94,95]. The QD evolution 
with increasing amount of deposited GaSb and the influence of GI prior to 
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capping were studied using AFM and TEM [4,87,93]. It was found that an 
appropriate GI time is crucial for QD formation. Using InAs QDs as stressors, 
an overlaying layer of GaSb QDs was grown, with a very high QD density of 1 
× 1011 cm-2, something which could not yet (year 2003) be achieved in the 
pure GaSb/GaAs system [96]. PL measurements of this combination of GaSb 
and InAs QDs in a GaAs matrix confirmed the type II band alignment of the 
GaSb/GaAs system. 
 
2.2.3.2 Droplet epitaxial grown QDs 
The self-assembled GaSb/GaAs QDs discussed above, produced by MBE 
and MOVPE, typically ranged between 25 nm and 40 nm in width and 
between 3 nm and 7 nm in height. These structures were typically pyramidal 
in shape and their densities ranged between  1 × 109 cm-2  and 4 × 1010 cm-2.  
Droplet epitaxy has also been employed for the fabrication of GaSb QDs [96-
99]. Kawazu et al. used two different methods for the formation of GaSb dots 
on the GaAs(100) surface during MBE [97]. In one method, GaSb QDs were 
directly formed from Ga droplets by supplying Sb atoms at 300 °C. In the 
second method dots were formed in two steps: Ga droplets were first exposed 
to a Sb flux at a low temperature of 200 °C to clad the droplets by large 
granular crystals of Sb. The GaSb QDs were then formed by desorbing the 
polycrystalline Sb at 310 °C. They found that QDs produced by the first 
method were smaller. Kawazu et al. also reported the optical properties of the 
GaSb/GaAs QDs formed by the second method referred to above [98]. Then 
the sample was annealed at 380 °C to enhance the reaction of Ga droplets 
with Sb and to evaporate the excess granular layer. It was at least this high 
temperature where PL could be achieved. It was found that GaSb QDs formed 
were on average 9.2 nm in height, 74 nm in diameter, and 7.8×109 cm−2 in 
concentration. PL measurements showed the peaks of the QDs and wetting 
layer, with the intensity from the QD emission being approximately 13 times 
stronger than that from the WL. 
 
Liang et al. also reported on MBE-grown GaSb QDs produced by the droplet 
epitaxy method having high crystalline quality with a density of 6.2 × 109 cm−2, 
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[100]. This was in the same density range as achieved by Kawazu et al. 
above and less than the density typically reported for SK GaSb QDs. 
 
2.2.3.3 Capping of GaSb QDs and ring formation 
Ahmad Kamarudin et al. [25] studied capped and uncapped Type II self-
assembled GaSb/GaAs nanostructures grown by molecular-beam epitaxy, 
using AFM, TEM, and power-dependent magneto-PL. Uncapped GaSb 
nanostructures were found to be entirely dot-like, while capped nanostructures 
were predominantly ring-like. Moreover, an in situ anneal process applied 
after thinly capping the dots with GaAs was found to increase the number of 
the rings and relax the strain in the GaAs in the proximity of the GaSb, 
resulting in a change in the spatial configuration of the exciton complexes and 
their optical properties. 
 
To understand the influence of capping on the morphology and the optical 
properties of GaSb quantum dots grown by MBE, Lin et al. [101,102] studied 
the influence of As and Sb soaking. They intentionally supplied As and Sb at 
various As/Sb ratios on uncapped GaSb QDs. They observed that whenever 
As was supplied (whether Sb was simultaneously supplied or not) to 
uncapped GaSb quantum dots the dots would transform to quantum rings 
(QRs). This suggested that the As exposure on the GaSb QDs would lead to a 
QD to QR transition as in the case of embedded GaSb layers. Dot to ring 
transition was suppressed when the dots were exposed to Sb. Furthermore; 
they observed that in the case where the Sb soaking time was extended after 
GaSb deposition, the QD morphology could be maintained for the capped 
samples.  
 
In MOVPE studies done by Müller-Kirsch et al. [4,93] it was found that unlike 
in MBE, the capping of GaSb by GaAs led to As-Sb intermixing at the 
interface between the two materials. To the best of my knowledge, the dot-to-
ring transformation has not been reported for MOVPE grown GaSb QDs. 
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2.2.3.4 Post growth annealing 
Polojärvi et al. [103] studied the influence of V/III beam-equivalent-pressure 
ratios and post-growth annealing on the PL of GaSb quantum dots grown on 
GaAs(100) by MBE and found that increasing the V/III ratio from 3 to 5 and 
then to 7 resulted in decreased PL intensity and red shift of the emission 
wavelength. Also, the post-growth annealing resulted in a blue shift of the 
quantum dot PL emission and decreased the full-width-at-half-maximum of the 
PL peak when the annealing temperature was increased above 800 °C. The 
blue shift was found to be independent of the V/III ratios, indicating a similar 
atomic inter-diffusion mechanism for all investigated samples regardless of 
the quantum dot properties. The PL intensities of the three studied samples 
increased after annealing between 650 °C to 800 °C. The PL intensity of the 
sample with the highest V/III ratio increased further for annealing 
temperatures above 900 °C, while the intensity of the sample with lower V/III 
ratios decreased upon a high temperature anneal. The differences in PL 
behaviour between the samples grown with different V/III ratio was explained 
by annealing of defects and decrease in hole confinement during annealing. 
 
2.2.3.5 Other growth considerations  
Qiu et al. obtained GaSb QDs with medium density of 2.7 × 1010 cm-2 on 
GaAs using LPE [104,105]. The dots were round in shape and it was thus 
concluded that they formed via the S-K mode. It was also concluded from the 
width of QD PL emission that the QD distribution was rather narrow. PL was 
observed up to room temperature (RT). 
 
Kawazu et al. studied the effect of substrate orientation on MBE-grown GaSb 
QDs by comparing GaAs(311)A and GaAs(100) substrates [106]. AFM studies 
showed that QDs grown on GaAs(311)A were smaller in size and their density 
was higher than that of dots grown on GaAs(100). The PL spectrum for the 
sample grown on the former substrate orientation was dominated by the QD 
emission at 1.08 eV, while two peaks at 1.15 eV and 1.24 eV dominated for 
the latter substrate orientation. They ascribed the lower PL peak energy 
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measured for the smaller QDs on the (311)A substrate  to the incorporation of 
less residual As for that substrate orientation. 
 
2.2.3.6 Practical application of GaSb/GaAs QDs 
The incorporation of high quality GaSb QDs within the active region of 
technologically mature GaAs based solar cells will extend the photo-response 
by harvesting more of the IR part of the solar spectrum. For example, 
Laghumavarapu et al. [2] reported an enhanced infrared spectral response of 
GaAs-based solar cells that included type II GaSb quantum dots, formed by 
the interfacial misfit (IMF) array growth mode during MBE.. These QD solar 
cells showed significantly more infrared response in the range from 0.9 to 1.36 
µm, compared to GaAs reference cells and previously reported InAs QD solar 
cells. The type II band alignment extended the spectral response to longer 
wavelengths. Weak electron localization and small electron-hole wave 
function overlap yield longer radiative lifetimes, improving electron extraction. 
 
Carrington et al. [1] reported on MBE-grown GaAs based p-i-n solar cells 
containing layers of GaSb quantum dots/rings and studied their efficiency at 
wavelengths up to 1.5 µm. They found that solar cells containing 5 to 10 
stacks of Gasb/GaAs quantum rings showed improved efficiency at these 
longer wavelengths. The stacking of the layers resulted in the formation of 
larger rings at the upper layers due to floating Sb layer compared to a single 
layer and this caused a red shift of the PL. Also for stacked layers the intensity 
of the ring/dot emission relative to that of the wetting layer increased. An 
enhancement of the short-circuit current compared to that of a GaAs control 
cell was also observed. However, the open-circuit voltage was reduced due to 
the accumulation of strain which caused threading and misfit dislocations as 
the number of stacks increased. The dislocations behave as non-radiative 
recombination centres, which limit the carrier lifetime and mobility.   
 
Lin et al.  [15] studied a ten-period GaSb/GaAs quantum-dot infrared 
photodetector (QDIP) and observed a broad detection window (2–5 µm) with 
a peak response at around 3.7 µm compared with the 4 - 8 µm detection 
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window of a standard InAs/GaAs QDIP. The enhanced normal incident 
absorption of the GaSb QDIP is attributed to its smaller sizes compared with 
InAs QDs and demonstrated a potential for practical applications of the 
GaSb/GaAs QDIPs. 
 
2.2.3.7 Summary 
GaSb/GaAs quantum dots have been studied since the year 1995 by various 
researchers. Molecular beam epitaxy has been the most wildly used system 
for fabrication of these quantum dots. Self-assembly by the S-K growth mode 
is the most explored technique for the growth of GaSb/GaAs QDs by both 
MBE and MOVPE. QDs of   typically 25 to 40 nm width and 3 to 7 nm height, 
with a roughly pyramidal shape and densities of typically 1 × 109 to 4 × 1010 
cm-2 have been achieved. The highest dot density achieved for MOVPE 
growth was 3 × 1010 cm-2  [4] compared to 4 × 1010 cm-2 for MBE growth [73]. 
Depending on growth conditions, capping of these dots during MBE may 
cause dot-to-ring transformations and sometimes the formation of GaSb 
clusters and a combination of dots and rings [18]. The few researchers who 
have explored the droplet epitaxy technique employed MBE. They reported 
that the droplet epitaxy technique gives rise to QDs of widely varying areal 
densities, depending on the growth procedure and conditions. 
 
The formation of stacked GaSb/GaAs QD layers for device applications has 
only been achieved with MBE growth. No technological application has been 
demonstrated on MOVPE-grown GaSb dots, despite the promise of this 
technology. AP MOVPE in particular offers rapid sample turnover, and thus 
has potential as a commercially relevant technique for fabrication of GaSb QD 
based devices. There is a need to optimise the control of the growth process 
to achieve high density QDs and to optimise the capping procedure to achieve 
PL up to RT, which is the typical operating temperature for photonic devices. 
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CHAPTER 3: Experimental procedures and techniques 
 
In this chapter, the experimental details of the sample fabrication technique as 
well as the different techniques used for their characterisation are presented. 
The types of samples grown in this study were bulk GaAs and GaSb, GaSb 
QDs on GaAs and GaSb QDs in GaAs. Bulk GaAs epitaxial samples were 
grown in order to determine growth rates under various conditions that would 
be used for deposition of the buffer and cap layers in the GaSb/GaAs QD 
structures. GaSb epitaxial layers were also grown to study the growth rates 
under conditions used for the growth of the nanostructures.  
 
3.1 Sample preparation - MOVPE 
Samples in this study were fabricated using a research-scale Thomas Swan 
MOVPE growth system (Epitor 04) that was operated at atmospheric 
pressure. Triethygallium (TEGa), tertiarybutylarsine (tBAs) and 
trimethylantimony (TMSb) were used as gallium, arsenic and antimony 
sources, respectively. 
 
MOVPE has previously been used to grow GaSb on GaAs [4,87-94,107-108]. 
Low pressure [4,93,94,107] and atmospheric pressure [88-92,108] systems 
have been used with various combinations of organometallic sources. For 
example, a combination of TEGa with triethylantimony (TESb) at low pressure 
[87,93,107], trimethylgallium (TMGa) with TESb at low pressure [4,94], and 
TMGa with TMSb at atmospheric pressure [88-92] have previously been 
employed. There is no published report on the use of a combination of TEGa 
with TMSb at either low or atmospheric pressure for growth of GaSb 
nanostructures on GaAs. 
 
3.1.1 Introduction  
Chemical vapour deposition (CVD) is one of the processes used frequently in 
the semiconductor industry to produce high-purity materials. This process 
involves the formation of thin films on a substrate material by chemical 
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reactions taking place between the precursors in the vapour phase and at the 
vapour-solid interface. When metal-organic precursors are used, the process 
is termed metal-organic chemical vapour deposition (MOCVD). In cases 
where the substrate choice fulfils the conditions for epitaxy, the process is 
referred to as metal-organic vapour phase epitaxy (MOVPE). MOVPE 
produces single crystalline (epitaxial) thin films on single crystalline substrates 
[109]. 
 
CVD is a general term which is applied to single crystalline, polycrystalline or 
amorphous deposition. Metal-organic refers to precursor molecules (MRn 
where M is a metal of group II, III, IV, V, VI and R is the organic ligand). VPE 
refers to deposition of thin crystalline layers from the vapour phase on a single 
crystalline substrate where the arrangement of atoms in the layer mimics that 
of the substrate. 
 
The basic principle is the deposition of the required growth species from 
suitable precursors in the presence of a carrier gas and chemical reactions in 
the temperature field of a heated substrate.  
 
MOVPE is divided into thermodynamic and kinetic components, with the 
thermodynamic components determining the driving force for the overall 
process, and the kinetic components determining the rate at which sub-
processes occur [110]. Figure 3.1 shows a schematic of the growth 
process/mechanism in MOVPE. Mass transport in the bulk vapour flow regime 
takes place from the inlet of the reactor to the deposition zone. The sub-
processes include the pyrolysis of the precursors in the vapour phase, the 
diffusion of the precursors through the boundary layer, surface diffusion, and 
the adsorption and desorption of the precursors and by-products [110]. 
Surface diffusion of the film precursors to the growth sites occurs, whereas 
surface chemical reactions lead to film growth.  
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Figure 3.1: Schematic of growth mechanism in MOVPE process. 
 
3.1.2 MOVPE system configuration 
Figure 3.2 shows a schematic diagram of the MOVPE growth system used in 
this study. Hydrogen carrier gas flowing from the cylinders goes through a 
palladium diffuser and gets purified. The purified carrier gas then flows 
through the stainless steel bubblers containing the organometallic precursors 
to transport them to a manifold, where the sources can be switched either to 
the vent line or the reactor. The bubblers are kept in temperature-controlled 
baths to maintain a given precursor vapour pressure. 
 
A fast switching manifold allows the gases to mix before reaching the reactor. 
The size of the reactor determines the area of the susceptor that can be 
housed and the substrate that can be accommodated. For pyrolysis of the 
precursors, a heating lamp is placed below the susceptor and the temperature 
of the susceptor is measured using a thermocouple embedded in it via a 
thermocouple sheath. Due to the cooling effect of the carrier gas, the actual 
temperature of the susceptor is expected to be slightly lower than that 
measured by the thermocouple. This should not have a significant effect on 
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the grown materials as long as the temperature is accurately controlled. The 
carrier gas is also used to sweep away any un-cracked precursors from the 
reactor or vent to the pyrolysis furnaces, before, during and after growth. 
These are then further decomposed and filtered before they are released to 
the atmosphere via exhausts. 
 
  
 
 
Figure 3.2: Schematic diagram of the MOVPE growth system used in this study. 
 
3.1.3 Precursors 
Growth temperatures, source vapour V/III ratios, mole fractions, growth 
sequences and other growth parameters are chosen based on a knowledge of 
the physical properties of precursors. The nature of the metal, and its size and 
configuration, determine the strength of the metal-carbon bond in an 
organometallic precursor. Metal-ethyl bonds are weaker than metal-methyl 
bonds [111]. Since the material under study in this research is GaSb in GaAs, 
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Ga, As and Sb source precursors were required. These precursors were 
TEGa, tertiarybutylarsine (tBAs) and TMSb, respectively. 
 
3.1.3.1 Triethygallium (TEGa) 
TEGa (chemical formula: Ga(C2H5)3) can offer better thickness control when 
growing structures containing ultra-thin layers, such as superlattices and 
quantum dots,  due to its lower vapour pressure compared to TMGa. The 
decomposition temperature of TEGa has been reported to be around 300 °C 
[112]. This lower decomposition temperature of TEGa compared to those of 
other Ga precursors was ascribed to beta hydride elimination [113]. The use 
of TEGa was reported to yield lower carbon contamination in MOVPE-GaAs 
[114], which was ascribed to the beta elimination mechanism. According to 
the in-situ mass spectroscopy and thermo-gravimetric studies by Lee et al. 
[112], the process starts with homolysis, followed by beta radical elimination. 
Homolytic fission is dominant at lower temperatures and beta elimination 
dominates at higher temperatures. During MOVPE growth at relatively low 
temperatures, the former can be expected to take place upstream from the 
susceptor and the latter in the vicinity of the susceptor.  The important steps 
are shown below [114]: 
 
    𝐺𝐺𝑎𝑎(𝐶𝐶2𝐻𝐻5)3 → 𝐶𝐶2𝐻𝐻5∗ + 𝐺𝐺𝑎𝑎(𝐶𝐶2𝐻𝐻5)2∗                             3.1 
 
    𝐶𝐶2𝐻𝐻5∗ +  𝐻𝐻2 → 𝐶𝐶2𝐻𝐻6 + 𝐻𝐻∗                                      3.2 
 
    𝐺𝐺𝑎𝑎(𝐶𝐶2𝐻𝐻5)3 →  𝐺𝐺𝑎𝑎𝐻𝐻(𝐶𝐶2𝐻𝐻5)2 + 𝐶𝐶2𝐻𝐻4                       3.3 
 
3.1.3.2 Tertiary-butylearsine (tBAs) 
TBAs (chemical formula: C4H9AsH2) has been established to be one of the 
best choices amongst As sources. This precursor has been reported to 
completely decompose at temperatures as low as 340 °C, due to a weaker 
metal-carbon bond involving t-butyl radicals [111]. Larsen et al. [115] reported 
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that the decomposition of this precursor does not yield any radicals and 
proposed the following steps in the decomposition mechanism: 
 
𝐶𝐶4𝐻𝐻9𝐴𝐴𝐴𝐴𝐻𝐻2 → 𝐶𝐶4𝐻𝐻10 + 𝐴𝐴𝐴𝐴𝐻𝐻                                     3.4 
 
    𝐴𝐴𝐴𝐴𝐻𝐻 → 𝐴𝐴𝐴𝐴𝐻𝐻(𝑎𝑎𝑑𝑑𝐴𝐴)                                         3.5 
 
    𝐴𝐴𝐴𝐴𝐻𝐻(𝑎𝑎𝑑𝑑𝐴𝐴) → 𝐴𝐴𝐴𝐴 + 1
2
𝐻𝐻2                                         3.6 
 
    𝐶𝐶4𝐻𝐻9𝐴𝐴𝐴𝐴𝐻𝐻2 → 𝐶𝐶4𝐻𝐻8 + 𝐴𝐴𝐴𝐴𝐻𝐻3                                   3.7 
 
3.1.3.3 Trimethylantimony (TMSb) 
The difficulties experienced with handling stibine (SbH3), caused by its 
instability and decomposition in storage facilities at room temperature (RT), 
have resulted in it being less favoured for MOVPE growth, while the 
availability and the useful vapour pressure for TMSb (chemical formula: 
Sb(CH3)3) have made TMSb the precursor of choice among Sb sources [116]. 
Graham et al. [117] reported the decomposition temperature of this precursor 
to be around 580 °C in N2 ambient. In H2 ambient, however, which is the 
carrier used in this study, the decomposition temperature reduces to around 
450 °C and this is ascribed to the abstraction of the methyl radicals by the 
hydrogen atoms from the ambient. The following reaction scheme has been 
proposed [118]: 
 
𝑆𝑆𝑆𝑆(𝐶𝐶𝐻𝐻3)3 → 𝐶𝐶𝐻𝐻3∗ + 𝑆𝑆𝑆𝑆(𝐶𝐶𝐻𝐻3)2∗                                     3.8 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
 𝐶𝐶𝐻𝐻3∗ + 𝐻𝐻2 →  𝐶𝐶𝐻𝐻4 + 𝐻𝐻∗                                        3.9 
                                                                                                                                  
𝐻𝐻∗ + 𝑆𝑆𝑆𝑆(𝐶𝐶𝐻𝐻3)𝑥𝑥  →  𝐶𝐶𝐻𝐻4 + 𝑆𝑆𝑆𝑆(𝐶𝐶𝐻𝐻3)𝑥𝑥−1 , 𝑥𝑥 = 1, 2 𝑜𝑜𝑜𝑜 3               3.10 
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3.1.4 Growth parameters 
3.1.4.1 Molar flow rate 
The molar flow rate of a precursor is the amount of the precursor picked up 
from the bubbler and is measured in mol/min. The molar flow rate n is 
determined from the ideal gas law: 
 
𝑛𝑛 =  𝑃𝑃𝑃𝑃
𝑅𝑅𝑅𝑅
,                                                3.11 
 
where V is the volumetric flow rate (cc/min), R is the universal gas constant, T 
is the precursor bubbler bath temperature and P is the precursor vapour 
pressure. The vapour pressure P is given by: 
 
𝑙𝑙𝑜𝑜𝐸𝐸𝑙𝑙(𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜) = 𝐵𝐵 − 𝐴𝐴
𝑅𝑅(𝐾𝐾),                 3.12 
 
where A and B are constants that are unique for each precursor source and T 
is the bubbler bath temperature in degrees Kelvin. 
 
Values of the constants A and B appearing in the above equation were 
obtained from [119] for the organometallic precursors used in this study and 
are displayed in Table 3.1. 
 
 
Table 3.1: Values of the constants A and B appearing in log(P)=B-A/T    for precursors 
used in this study [119]. 
Precursor A (K) B 
Triethylgallium  2162 8.083 
Trimethylantimony  1697  7.7068 
Tertiary butylarsine 1562.3 7.5 
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3.1.4.2 Mole fraction 
One of the parameters influencing the properties of the structures studied in 
this thesis is the mole fraction 𝜒𝜒. This is basically the molar ratio of the 
organometallic source in the vapour stream and is given by: 
 
𝜒𝜒 =  𝑛𝑛𝑂𝑂𝑂𝑂
𝑛𝑛𝐻𝐻2
= 𝑃𝑃𝑃𝑃𝑂𝑂𝑂𝑂
𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂
. 𝜌𝜌𝐻𝐻2𝑃𝑃𝐻𝐻2
𝑀𝑀𝐻𝐻2
,                                      3.13 
 
where 𝜌𝜌𝐻𝐻2 and 𝑀𝑀𝐻𝐻2 are hydrogen density and molar mass, respectively. 
 
3.1.4.3 V/III ratio 
The molar ratio of the group V to group III species in the source vapour is one 
of the important parameters that influences the growth process and ultimately 
the structure and elemental composition of the deposited crystal. The V/III 
ratio is defined as the ratio of the molar flow rate of group V element(s) to the 
molar flow rate of group III element(s) in the vapour phase and can be 
mathematically represented by: 
 
𝑃𝑃
𝐼𝐼𝐼𝐼𝐼𝐼
=  𝑛𝑛𝑉𝑉
𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼
,             3.14 
 
where nIII and nV are the molar flow rates of the group III and group V element 
source, measured in mol/min. 
 
3.1.5 Growth procedure 
Detailed values of parameters used in this study will be given in the relevant 
results and discussion chapters later in the thesis. The substrates used were 
semi-insulating (100) GaAs substrates, misorientated by 2° towards (111)B. 
Pieces of substrate (~1x1 cm2) were cleaved from a wafer and then  blown 
clean with  dry nitrogen. No further cleaning of the substrate was required as it 
was bought ‘epi-ready’. Subsequently, the cleaned substrate was placed on a 
molybdenum susceptor, loaded into the horizontal quartz reactor and purged 
with hydrogen for 10 minutes. This was followed by annealing at 600 °C for 
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ten minutes in order to remove any surface oxide. The annealing was done 
with a tBAs overpressure to prevent substrate surface deterioration. Following 
this the susceptor temperature was increased to 650 °C while maintaining the 
tBAs overpressure and a 100 nm GaAs buffer layer was grown for 840 s by 
introducing TEGa. A similar procedure was followed for bulk GaAs samples 
but a longer growth time was used. After the growth of the buffer, the 
susceptor temperature was set to a chosen value for the growth of either bulk 
GaSb or GaSb QDs. In order to avoid an arsenic background, the reactor was 
purged for 30 s prior to GaSb dot growth. Dots or bulk GaSb were grown by 
simultaneously introducing TEGa and TMSb into the reactor. For un-capped 
dot samples or bulk GaSb, no further layer was grown and the reactor heater 
was switched off. For capped samples, dot growth was immediately followed 
by growth of either a 10 nm GaAs cold cap, deposited at the dot growth 
temperature, or by growth of a GaAs cap at a chosen higher temperature. For 
cold capped samples, after depositing the cold cap, the susceptor 
temperature was increased to a chosen higher temperature before the 
remaining GaAs was deposited. The reactor heater was then switched off and 
the samples cooled down to 250 °C with a tBAs overpressure. Subsequent 
cool down to room temperature was performed with only hydrogen flowing 
through the reactor. 
 
3.2 Sample characterisation  
3.2.1 SPM 
3.2.1.1 Introduction 
The morphology of uncapped GaSb/GaAs dot samples was investigated by 
scanning probe microscopy (SPM) to study the shape, size and areal density.  
 
SPM forms images of surfaces using a physical probe that scans the sample. 
An image of the surface being scanned is obtained by mechanically moving 
the probe (which is attached to a cantilever) in a raster scan of the specimen, 
line by line, and recording the probe-surface interaction as a function of 
position.The forces between the probe tip and the sample are measured from 
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the deflection of the cantilever when used in atomic force microscopy (AFM) 
mode of operation. The deflection moves a laser spot that reflects into an 
arrangement of photodiodes. This offers a 3D visualisation of the surface 
morphology. The working principle is demonstrated in Figure 3.3. 
 
 
 
Figure 3.3: Working principle of SPM in AFM mode. 
 
3.2.1.2 SPM procedure 
A Bruker Dimension FastScan SPM was used to scan the surface features of 
the uncapped dot samples, the substrate and buffer layers. The mode of 
operation used was Tapping mode in air AFM. NanoScope software (version 
1.40) was used to manipulate the SMP images to analyse these features. The 
areal dot density was analysed by the particle analysis function. Feature sizes 
were analysed by the section profile function of the software, while the shape 
was visually analysed by viewing the image in 2D and 3D. A typical image of 
an uncapped dot sample measured in this study in 2D and 3D is displayed in 
Figure 3.4 (a) and (b), respectively. Figure 3.5 displays a line profile of a 
section of the dots in Figure 3.4 obtained using the NanoScope software to 
demonstrate a typical analysis process. 
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Figure 3.4: SPM images of typical uncapped GaSb QSs grown in this study. Images are 
displayed in (a) 2D to show the base shape, dot density and distribution and in (b) 3D 
to show the dot shape. 
 
 
 
 
 
Figure 3.5: SPM line profile obtained (using the section function of the NanoSocope 
software) across a segment of the sample surface to reveal size and height. 
 
3.2.2 TEM 
3.2.2.1 Introduction 
Information about the interfaces, as well as composition and morphology of 
capped samples, was obtained by high resolution scanning transmission 
electron microscopy (STEM).  Transmission Electron Microscopy (TEM) uses 
an electron beam to interact with a sample to form an image on a 
photographic plate or specialized camera. High-Resolution TEM (HRTEM) 
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looks at the interference of the electron beam interacting with the sample, 
rather than the absorbance of the beam as in ordinary TEM. This gives a 
higher resolution, which is beneficial when studying nano-scale samples. 
 
3.2.2.2 Experimental procedure 
A double Cs-corrected JEOL ARM 200F transmission electron microscope 
operated at 200 kV and fitted with a Dual EELSTM mode Gatan GIF Quantum 
ERSTM spectrometer was used to study the structural properties of the 
GaSb/GaAs QD samples in cross-section.  High angle annular dark field 
(HAADF) STEM imaging, sensitive to atomic number variations within the 
sample, bright field STEM imaging and electron energy loss spectroscopy 
(EELS) Spectrum Imaging (SI), were used to characterize the samples. A 
convergence semi-angle of 21.4 mrad was used for the STEM probe and a 
collection semi-angle of 54.3 mrad for the EELS signal collection.  Sample 
preparation was done by removal of a specimen lamella from the near surface 
region of a sample using a FEI Nanolab 650 focused ion beam scanning 
electron microscope. Figure 3.6 displays an example of a TEM image of the 
samples produced in this study. 
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Figure 3.6: Typical image of a GaSb/GaAs QD sample produced in this work. The image 
was acquired in High Angle Annular Dark Field (HAADF) STEM mode. 
 
3.2.3 Photoluminescence  
3.2.3.1 Introduction 
Photoluminescence (PL) spectroscopy is a valuable technique used for 
sample characterisation in this study. As a tool that is used to study optical 
transitions in semiconductors, PL spectroscopy can provide indirect 
information of the heterointerface morphology in QDs and QWs. It can also 
serve as a probe for the structural and chemical perfection of the 
heterointerface. In this study PL was used to routinely evaluate the formation 
of the GaSb structures embedded in GaAs to ascertain incorporation. It was 
also used to study the carrier dynamics in the GaSb/GaAs QD structures. 
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3.2.3.2 PL procedure 
Photoluminescence spectra were collected using a fully automated Czerny-
Turner type monochromator (1 meter focal length), a Nd:YAG  diode-pumped 
laser (532 nm line) for excitation and a liquid nitrogen cooled Ge diode. The 
samples were mounted in a closed cycle He cryostat and the PL spectra 
measured between 10 K and RT. 
 
An example of a 10 K PL spectrum showing optical transitions in a QD sample 
produced in this study is displayed in Figure 3.7. The weak and narrow peak 
at 829 nm, the broad band at ~ 950 nm and the broad band at ~ 1150 nm are 
due to transitions in the GaAs, the GaSb WL/QW and GaSb QDs, 
respectively. 
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Figure 3.7: An example of a typical 10 K PL spectrum of a GaSb/GaAs QD sample 
fabricated in this study, showing emission from the intended QDs embedded in the 
GaAs matrix, as well as the GaSb WL and the host GaAs matrix. 
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CHAPTER 4: MOVPE parameters affecting dot formation 
 
This chapter presents a systematic study of the effect of various growth 
parameters on the formation of GaSb nanostructures on a GaAs substrate, in 
order to determine the conditions for achieving the desired small-sized, 
uniformly-shaped and uniformly-distributed nanostructures. Specifically, the 
effects of the TMSb/TEGa (V/III) ratio, growth temperature, total source mole 
fraction, and growth time on feature size, shape and density are discussed. 
 
4.1 Introduction 
GaSb quantum dots typically form on the surface of GaAs via self-assembly. 
For this to take place, the surface of GaAs needs to be wetted with GaSb. 
Due to the large lattice mismatch between GaSb and GaAs the strained GaSb 
wetting layer has high elastic energy. As more GaSb material is deposited on 
the substrate, atoms tend to group together to form 3D islands in order to 
reduce this elastic energy. The size and density of the quantum dots depend 
on the growth conditions. A series of experiments were performed to find 
suitable conditions for the formation of a high density of dots with an 
appropriate size and the results presented here are chosen to highlight the 
key findings and conclusions. 
 
4.2 Dot formation conditions 
Figure 4.1 shows SPM images of GaSb structures grown at various 
temperatures (between 490 °C and 550 °C) on GaAs, using a constant V/III 
ratio in the vapour phase of 0.5 and a total source mole fraction of 1.58×10-4. 
Both the lateral size and height of the island-like features decrease with a 
decrease in growth temperature. This is accompanied by an increase in the 
areal density. For these growth conditions, uniform, small islands begin to 
appear for a growth temperature of 515 °C and lower. Although the V/III ratio 
in the vapour phase was kept constant, it needs to be pointed out that a 
decrease in growth temperature will decrease the effective V/III ratio on the 
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growth front, since TEGa is expected to be completely pyrolysed in this 
growth temperature range [112,113], while the pyrolysis of TMSb reduces with 
decreasing temperature in the range studied [118]. Therefore, it is highly 
probable that the trend observed in Figure 4.1 is related to a decrease in the 
effective V/III ratio on the GaSb surface. 
 
 
 
Figure 4.1: 1 µm × 1 µm SPM height images of GaSb dots on GaAs, grown at (a) 550 °C, 
(b) 540 °C, (c) 525 °C, (d) 515 °C, (e) 510 °C, (f) 500 °C, and (g) 490 °C with a constant 
V/III ratio in the vapour of 0.5, a constant source mole fraction of 1.58×10-4 through the 
reactor and a constant growth time of 4 s. 
 
In order to test this possibility, a series of experiments was performed during 
which the V/III ratio in the vapour phase was intentionally changed, while the 
other growth parameters were fixed. Selective results are displayed in Figure 
4.2. The surface feature trend in Figure 4.2 with varying V/III ratio is similar to 
that observed in Figure 4.1 for a varying growth temperature. Interestingly, the 
small change in V/III ratio from 0.25 to 0.2 between (c) and (d) caused a 
significant difference in size, shape and density of the dots.  
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Figure 4.2: 1 µm × 1 µm SPM height images of GaSb dots on GaAs, grown with a V/III 
ratio in the vapour phase of (a) 1, (b) 0.75, (c) 0.25, (d) 0.2 (e) 0.175 at a constant growth 
temperature of 530 °C and a growth time of 4 s. 
 
The above results illustrate that the V/III ratio is the crucial factor in the 
formation of GaSb quantum dots on GaAs. A reduction in the concentration of 
Sb-species (compared to Ga-species) on the growth front improves the 
formation of small, uniform dots with a high areal density. Dot formation is 
determined by the balance of elastic strain energy, surface free energy and 
migration of the growth species. The V/III ratio has previously been found to 
be crucial in the formation of InAs QDs during low pressure MOVPE [120]. For 
the InAs material system, it was shown that higher V/III ratios yielded smaller, 
more uniform dots. This was attributed to a reduction in the migration length of 
the In atoms with increasing arsenic partial pressure. It must be noted that in 
the InAs system, indium is the species with the lower mobility.  Elemental Sb, 
on the other hand, is known to have a very low surface mobility during MBE 
growth of GaSb [121]. Indeed, control of the GaSb dot size and lateral aspect 
ratio by tailoring the V/III ratio has been used before during MBE growth of 
GaSb dots.  It was illustrated that a lowering of the flux of the immobile 
species (i.e. Sb) leads to more isotropic and smaller dots [19]. 
 
54 
 
During the formation of GaSb QDs by MOVPE, it is evident from Figure 4.2 
that a higher concentration of Sb-species on the GaAs surface causes 
anisotropic lateral growth rates, larger dots and a lower density of dots, due to 
longer migration lengths of the Sb species on the growth front. Also, having 
more of the immobile Sb species on the surface should promote growth 
around the sites where GaSb nucleation has already occurred, hence the 
observed increased size (height and lateral size) of the island-like features 
with increased Sb partial pressure. 
 
 
GaSb dots were therefore grown on GaAs over the temperature range from 
490 °C to 550 °C by “optimizing” the V/III ratio for each growth temperature. 
Figure 4.3 displays the maximum V/III ratio in the vapour phase for the 
formation of a high density of small dots for the various temperatures chosen 
in this study. The dashed blue line is an aid to the eye and serves to separate 
the growth domain leading to a high density of small dots from that leading to 
Figure 4.3: Figure 4.3: Maximum vapour source V/III ratios for dot formation, 
determined for different growth temperatures with TEGa and TMSb as sources. 
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a low density of large, elongated dots. Considering the fact that TEGa is 
expected to be fully pyrolyzed in this entire temperature range employed, 
while TMSb is fully pyrolyzed only at 550 °C, the effective V/III ratio on the 
surface at 550 °C should be close to the V/III ratio in the input stream. In this 
study, the maximum V/III ratio for dot formation at 550 °C (in the MOVPE 
reactor used) is 0.175. This is lower than what was previously reported for a 
similar growth system (horizontal AP-MOVPE), but with a different 
combination of organometallic sources (trimethylgallium (TMGa) and TMSb) 
and at a slightly lower growth temperature (540 °C) [89]. However it is similar 
to the value of 0.2 reported for low pressure MOVPE using TMGa and TESb 
at 525 °C [4]. 
 
4.3 Dot size and distribution 
4.3.1 Growth time  
The growth time is expected to control the amount of deposited GaSb and will 
influence the areal density of the dots [29], as well as possible coalescence of 
neighbouring dots. Under suitable growth conditions for the formation of dots, 
an increase in the growth time should increase the density and average size 
of the dots, until neighbouring dots begin to coalesce. This is illustrated in 
Figure 4.4, which shows SPM images of GaSb dots grown at 530 °C with a 
total source mole fraction of 2.3×10-4, a V/III ratio of 0.2 and for times of (a) 3 
s and (b) 4 s, respectively. The dot density for (a) was approximately 
3×1010/cm2, while it was approximately 4×1010/cm2 for (b). Also, several of the 
dots (examples encircled in red) show signs of coalescence in (b). Further 
statistics on these two samples are presented in Table 4.1. This data was 
obtained using the ‘particle analysis’ function of the NanoScope analysis 
software by adjusting the threshold height until a maximum number of dots 
has been counted. It is clear that the dot size and shape are comparable for 
both samples, while the sample with the higher growth time had a higher dot 
density. 
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Figure 4.4: 1 µm × 1 µm SPM images of GaSb structures grown at 530 °C with a total 
source mole fraction of 2.3×10-4, a V/III ratio of 0.2 and for (a) 3 s and (b) 4 s, 
respectively. 
 
 
Table 4.1: Dot statistics for samples grown with growth times of 3 s (a) and 4 s (b). 
Dot parameter Mean Minimum Maximum Sigma 
 (a) (b) (a) (b) (a) (b) (a) (b) 
Height (nm) 4.0 4.0 2.0 3.0 5.6 5.5 0.8 0.5 
Base area 
(nm²) 1298 1212 381 381 5157 3875 611 621 
Diameter (nm) 40 38 22 22 81 70 9 10 
Dot density 
(cm-2) 3×1010 4×1010 - - - - - - 
 
4.3.2 Mole fraction 
Intentional changes in the growth rate have previously been used to control 
the GaSb/GaAs dot size and distribution in MBE [24]. The total source mole 
fraction (concentration of the sources in the carrier gas), is expected to control 
the growth rate and influence the base aspect ratio and size of the dots. Using 
a growth temperature and V/III ratio in the vapour known to produce a uniform 
distribution of what is assumed to be coherent dots, the total mole fraction 
was used to tune the size of the nano-scale GaSb features on GaAs. Figure 
4.5 displays SPM images of samples grown at a chosen (a) low (1.9×10-4) 
and (b) high (2.3×10-4) total source mole fraction, with all other growth 
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conditions kept constant (temperature = 530 °C, V/III = 0.175 and time = 4 s). 
Also included in the figure are (c) 12 K photoluminescence (PL) spectra of 
dots grown under the same conditions as those in  (a) and (b), but capped 
with 80 nm GaAs. Dot statistics (obtained using a similar method as for Table 
4.1 above) for sample (a) and (b) are displayed in Table 4.2. From Figure 4.5 
(a) and (b) and Table 4.2 it is seen that although the total source mole 
fractions differ by only ~20%, there is a significant difference in the mean base 
area of the dots, as well as the standard deviations in the mean dot diameter 
and size. The dots grown with a lower source mole fraction have a smaller 
mean base area, mean diameter and standard deviations in these parameters 
than those grown with a higher mole fraction. The decreased standard 
deviation in the base area for the dots grown with a lower source mole fraction 
suggests a more uniform dot size distribution. However, since the standard 
deviations for the base area values are large, low temperature PL was 
performed to confirm the SPM analysis of the dot size distribution (Figure 
4.5(c)): A smaller average dot size is expected to yield PL emission at higher 
energies [122], while a more uniform size distribution should manifest as a 
narrower emission line-width [30]. Indeed the quantum dot PL of the capped 
sample grown with a lower source mole fraction appears at higher energies 
(peak position at 1.152 eV) than the one grown with a higher mole fraction 
(peak position at 1.091 eV) and has a smaller full width-at-half maximum 
(FWHM) (94 meV in the former case compared to 110 meV in the latter case). 
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Figure 4.5: 0.5 µm × 0.5 µm SPM images of samples grown at 530 °C with a V/III of 
0.175, growth time of 4 s and a chosen (a) high (2.3×10-4) and (b) low (1.9×10-4) total 
source mole fraction. PL spectra of capped samples containing QDs grown with 
conditions similar to samples (a) (red) and (b) (black) are displayed in (c). 
 
 
Table 4.2: Dot statistics for samples (a) and (b) in Figure 4.5. 
Dot parameter Mean Minimum Maximum Sigma 
 (a) (b) (a) (b) (a) (b) (a) (b) 
Height (nm) 5.0 5.0 2.6 2.9 6.9 7.0 0.5 0.5 
Base area (nm²) 995 619 382 169 2579 2113 394 309 
Diameter (nm) 35.0 27 22.0 15 57.3 52 6.7 6 
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4.4 Summary 
GaSb quantum dot formation on GaAs using AP-MOVPE has been studied. It 
has been established that the most critical parameter for GaSb QD formation 
on GaAs is the V/III ratio. A reduction in the V/III ratio, i.e. either the effective 
V/III ratio on the evolving surface (which is temperature dependent and not 
directly controllable) or the V/III ratio of the source vapours (which can be 
directly controlled), improved dot formation. The maximum effective V/III ratio 
for dot formation was 0.175. It is possible to grow dots over a variety of 
temperatures (490 °C to 550 °C) by simply controlling the V/III ratio at each 
chosen growth temperature, thus making it possible to grow dots at high 
temperatures by using very low V/III ratios in the vapour phase. Dots were 
achieved at a growth temperature as high as 550 °C. 
 
The dot density was shown to be sensitive to growth time, as this determines 
the amount of deposited material. The density increased with increasing 
growth time as expected. The mean size (base area) was, however, more 
sensitive to source mole fraction in the vapour phase, which controls the 
growth rate. A lower source mole fraction yielded a smaller average dot area 
and a more uniform size distribution compared to a higher mole fraction. 
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CHAPTER 5: Formation of capped GaSb/GaAs quantum dot structures 
 
5.1  Introduction 
In the previous chapter a study of the optimisation of uncapped GaSb 
QDs/nanostructures on GaSb using an AP-MOVPE system with TEGa and 
TMSb as Ga and Sb sources, respectively, was presented. In this chapter the 
fabrication of GaSb QDs embedded in a GaAs matrix is discussed. The effect 
of two different capping schemes on the formation of GaSb/GaAs QDs was 
studied by using SPM, PL and TEM. 
 
5.2 Results and discussion 
5.2.1 Uncapped dots 
Figure 5.1(a) and (b) show SPM images of the surface of an as-received 
substrate and after the deposition of a 200 nm GaAs buffer layer, respectively. 
The growth parameters for the buffer layer are listed in Table 5.1. The surface 
of the substrate is relatively smooth, while the surface of the buffer has ridges 
or terraces induced by substrate misorientation. Figure 5.2 shows an SPM 
image of the surface after deposition of GaSb quantum dots on a GaAs buffer. 
These dots were grown using similar parameters as in Table 5.1 in the next 
section, where the results obtained for capped samples will be presented. The 
growth of the uncapped dots (shown in Figure 5.2) was performed on the 
same day as the growth of the capped samples, in order to have a reliable 
reference sample of uncapped dots. Compared to Figure 5.1, there are island-
like features which are the result of self-assembled GaSb nanostructures on 
the GaAs buffer surface. The image is displayed in (a) 2D to reveal the base 
geometry and (b) 3D to illustrate the shape of the islands, which appear to be 
pyramidal. The size and shape distribution is very uniform proving good 
control of the growth process. For this sample the average dot height, base 
diameter and density are 5 nm, 45 nm, and 3×1010 cm-2, respectively. 
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Figure 5.1: SPM images of a) the GaAs substrate used in this study and b) GaAs buffer 
on a GaAs substrate. Growth parameters for the buffer layer are listed in Table 5.1. 
 
 
 
 
 
 
 
 
 
Figure 5.2: SPM images of typical uncapped GaSb QDs grown using parameters similar 
to those listed in Table 5.1. Images are displayed in (a) 2D to show base shape, dot 
density and distribution and in (b) 3D to show dot shape. 
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5.2.2 Capping effect 
Two schemes were employed for the growth of GaAs-capped dots. The two 
samples illustrating the effect of these schemes will be referred to as samples 
A and B.  The growth parameters for the capped samples are displayed in 
Table 5.1. For sample A, dot growth was followed by depositing the GaAs cap 
at a high growth temperature (650˚C). For sample B, dot growth was followed 
by ‘cold capping’ at the same temperature used for dot deposition,  before 
depositing the final part of the  capping layer at a higher temperature (650 °C) 
that is more suitable for obtaining high quality GaAs. 
 
Table 5.1: Layer by layer growth conditions for the two capped samples used in this 
study. The V/III ratios (in the vapour phase) for GaAs and GaSb growth were 8.5 and 
0.2, respectively.  
  
Thickness 
(nm) 
Growth 
Temperature 
(°C) 
Growth 
Time 
(s) 
Buffer (GaAs)                         
A ~100 650 830 
B ~100 650 830 
QD (GaSb)       
A    2.1 530 4 
B          2.1 530 4 
Cold cap (GaAs)       
A     - - - 
B             10 530 30 
Capping       
A  ~50 650 420 
B  ~50 650 420 
 
 
Figure 5.3 shows a dark field cross-sectional TEM image of sample A (grown 
without cold capping). The dark areas are composed of GaAs while the thin 
bright area is GaSb. The GaAs cap is approximately 50 nm thick. There is no 
vissible interface between the substrate and the buffer. 
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Figure 5.3: Dark field cross-sectional TEM images of sample A (grown without cold 
capping). 
 
For sample A, the Sb-containing region appears as a thin inhomogeneous 
line, with no obvious dot-shaped features. This means that the capping 
procedure for this sample led to a flattening of the dots or the formation of a 
thin film of GaAsSb, due to intermixing of GaSb and GaAs during the growth 
of the GaAs capping layer at high temperature. 
 
To understand this result, two uncapped GaSb/GaAs dot samples were grown 
at 530 °C under growth conditions known to yield dots and then analysed with 
SPM. SPM images for these samples are displayed in Figure 5.4. For one 
sample (Figure 5.4 (a)), the reactor heater was switched off after dot growth, 
while for the other sample (Figure 5.4 (b) the same capping sequence was 
followed as for sample A (i.e. the reactor temperature was raised to 650 °C – 
the GaAs deposition temperature) but without channelling the organometallic 
sources into the reactor. In (a) the dot-like features are clearly visible, while in 
(b) these are absent. In fact, the surface in (b) is inhomogeneous, suggesting 
the presence of a thin GaSb layer on the GaAs, with substantial surface 
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roughness. Root mean square roughness - Rq is approximately 0.3 nm. This 
proves that the GaSb dots produced at lower temperatures will transform into 
a thin film when the temperature increases to GaAs capping conditions. 
 
 
 
 
Figure 5.4: 1 µm × 1 µm SPM images of two uncapped samples used to study the effect 
of post-deposition “annealing” on the morphology of GaSb dots on GaAs. In (a) the 
heater was switched off after GaSb dot deposition, while in (b) the reactor temperature 
was increased to 650 °C to emulate the capping conditions, but without channelling 
any organometallic precursors through the reactor. 
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Figure 5.5: Dark field cross-sectional TEM images of sample B (grown with cold 
capping). 
 
Figure 5.5 shows a dark field cross-sectional TEM image of sample B (cold-
capped). As for sample A the dark areas represent GaAs, while the thin bright 
area contains GaSb. Also, the GaAs cap is approximately 50 nm thick and 
there is no vissible interface between the substrate and the buffer. For this 
sample, the Sb-containing region clearly include dot-like features protruding 
into the cap layer that are irregularly spaced in what is assumed to be a GaSb 
wetting layer. Some of the contrast result from cavities which could possibly 
have formed during the preparation of the TEM specimen in the focused ion 
beam scanning electron microscope. As will be shown below, this particular 
sample was optically active in the wavelength region where QD PL is typically 
measured. 
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Figure 5.6: HAADF STEM image of GaSb quantum dot embedded in GaAs to show the 
base length, dot height and shape. On the right is a SPM line profile laid out on a 
similar scale of a dot in an uncapped sample, for comparison. The dimensions of the 
capped dot are similar to uncapped dots measured by SPM. 
 
The extent of shape and size retention was revealed from high resolution 
HAADF STEM image studies of dots in sample B.  Figure 5.6 displays a high 
resolution HAADF STEM image of an area of a capped sample containing a 
dot. On the right of the image is an SPM line profile (taken from the SPM 
image in Figure 5.2 (a)) of an uncapped dot (displayed on a similar scale to 
that of the capped dot in the STEM image for comparison). The dot height 
(including the wetting layer thickness) measured in the STEM image is 
approximately 5.4 nm. The wetting layer (thin region) is approximately 1.3 nm 
thick.  This compares favourably with the SPM measurements for uncapped 
dots grown under similar conditions, which yielded an average height of 
approximately 4.5 nm (above the wetting layer).  The dot diameter is 
approximately 40 nm, which is again similar to the average dot diameter 
determined by SPM. This suggests that the embedded dots maintained the 
dimensions of the uncapped dots. 
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Figure 5.7: 14 K PL for (a) GaAs substrate and b) GaAs buffer. 
 
Figure 5.7 shows 14 K PL spectra of (a) as-received substrate and (b) a GaAs 
buffer layer on GaAs substrate, with only the GaAs near-band edge emission 
peaks observable at 832 nm and 853 nm. Figure 5.8 shows 14 K PL spectra 
for samples A and B taken with different excitation power densities. The low 
temperature PL spectra for sample A show very broad emission bands with a 
peak at around 900 nm and shoulders at 832 nm and ~1000 nm. The 
shoulder at 832 is comparable to the GaAs emission peak in Figure 5.7. Since 
there were no QDs observed in this sample by TEM, the peak at around 900 
nm could be due to thinner regions of GaSb while the peak at around 1000 
nm could be due to thicker regions. This means that the observed features 
arise from the inhomogeneity of a GaSb film inside the GaAs matrix, as 
observed for this sample in Figure 5.3 [87, 100].  
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Figure 5.8: Laser power dependent PL spectra at 14 K for sample A and sample B, 
showing blue shifts of the WL and QD peak energies with increasing excitation power 
density. 
 
An increase in excitation power density caused a slight blue-shift of the emission at 900 nm 
and 1000 nm for this sample. Low temperature PL spectra for sample B show seven 
observable peaks at high excitation power densities. Of these, there are five weak emission 
lines at short wavelengths which are ascribed to recombination in GaAs (substrate, buffer, 
capping layer). Given the noise in the spectra, it is difficult to conclude that these higher 
energy peaks shift with laser power density. Rather, they seem to simply decrease in intensity 
and eventually disappear into the background as the excitation power decreases. There are 
also two distinctive peaks at longer wavelengths, resulting from the wetting layer (983 nm) 
and QDs (1097 nm), as reported in [5,16,26]. There is a clear blue-shift of the WL and QD 
peaks with an increase in excitation power density. The blue-shift with increasing excitation 
power density for these samples has been attributed to electrostatic band bending leading to 
triangular potential wells, typical for the type II alignment between GaAs and strained GaSb 
[123,124]. It has also been attributed to the preferential occupation of excited states [125] and 
capacitive Coulombic charging [4] as the laser power density is increased. 
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Overall, the emission from sample A is blue-shifted relative to that from 
sample B. It is believed that this is a result of preserving some of the strained 
dots in the layer in sample B, rather than forming an unintentional QW in 
sample A. Unintentional effects like inter-diffusion (i.e. As diffusing into the 
GaSb wetting layer and dots) will result in a ternary (GaAsSb) with a larger 
band gap and less strain in these quantum structures, which will also give a 
blue-shift of the emission of sample A relative to sample B [126]. 
 
 
 
Figure 5.9: Variable temperature PL spectra for samples A and B showing the decrease 
in intensity for the high energy emission from the WL to be faster than for the low 
energy emission from the QDs with an increase in temperature. 
 
Figure 5.9 shows PL spectra of samples A and B at different temperatures. 
For sample A, the shoulder at 832 nm (resulting from recombination in the 
GaAs) reduces strongly in intensity as the temperature increases. This could 
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be due to non-radiative recombination [127] or simply enhanced 
trapping/localization of carriers by the thin GaSb layer as the temperature 
increases. The short wavelength part of the broad emission reduces in 
intensity more drastically than the long wavelength part. At very high 
temperature, only one peak remains at around 1100 nm. This is the 
wavelength region typical for GaSb/GaAs quantum dot emission [26]. For 
sample B, similar to sample A, the short wavelength peaks associated with 
GaAs rapidly reduce in intensity as the temperature increases. The WL peak 
intensity reduces more drastically than the QD peak in the temperature range 
studied. This behaviour is ascribed to enhanced hole migration from the 
wetting layer to the QDs with an increase in temperature [26]. The QD peak is 
at 1135 nm at 100 K, providing a hole localisation energy of ~420 meV, using 
a GaAs energy gap of 1.515 eV. This is in the same range of values as 
determined by Geller et al. using deep level transient spectroscopy and PL 
measurements on a MOVPE grown sample [6], and Alonso-Álvarez et al. 
using PL on a MBE grown sample [124]. 
 
5.3  Summary 
It has been showed that the capping procedure is crucial for retaining GaSb 
QDs within a GaAs matrix. High temperature capping caused a “flattening” of 
the deposited dots upon capping, resulting in the formation of an 
inhomogeneous thin GaSb layer inside GaAs, and leading to broad PL 
emission.   A two stage process for capping the dots (involving growth of a low 
temperature GaAs cap, followed by a high temperature cap) led to the 
retention of the dot-like features on the wetting layer of GaSb. For the dot-
containing capped sample that was used for TEM measurements, there was a 
clear separation of the WL and QD PL peaks. These were around 980 nm and 
around 1100 nm, respectively. 
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CHAPTER 6: Structure and composition of strained GaSb/GaAs 
quantum dots 
 
6.1 Introduction 
It was reported in the previous chapter that the growth of a GaAs cold cap 
assists in preserving the GaSb QDs during further high temperature capping 
and that this capping scheme yields samples with the desired optical 
properties. In order to optimise the optical properties of these structures, it is 
important to understand how the growth process influences physical 
properties such as elemental composition, strain, etc.  In this chapter a 
detailed HRTEM study of the elemental composition, the morphology and 
lattice strain of a sample of GaSb QDs in a GaAs matrix (sample B from the 
previous chapter) is presented. 
 
6.2 Elemental composition 
Table 6.1 displays relative quantification results for Ga, As and Sb, obtained 
from a selected part of a dot (red rectangle in Figure 6.1). A standard less 
quantification routine of an averaged EELS spectrum from the area was used 
to obtain this data. The Ga content was determined to be close to 50 atomic 
percent, while the Sb and As contents were close to 20 and 30 atomic 
percent, respectively. Taking into account the shape of the dot and also the 
size and thickness of the TEM foil, these results include the surrounding GaAs 
in which the dot is embedded, which explains why this region appears As rich. 
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Figure 6.1: STEM image of a GaSb QD embedded in GaAs indicating an area (red 
square box) where elemental quantification analysis was performed for the results 
presented in Table 6.1. 
 
 
Table 6.1: Relative quantification of the elements found in the dot-containing region in 
Figure 6.1,  showing the elemental ratios with respect to gallium and the atomic 
percentage content. 
Relative quantification: 
 
Element Atomic Ratio 
(/Ga) 
Atomic percent 
Sb 0.45 ± 0.08 21.5 
Ga 1.00 ± 0.00 47.6 
As 0.65 ± 0.18 30.9 
 
 
Figure 6.2 shows an EELS spectral image of the relative content of Ga, As 
and Sb in the selected area that includes a GaSb QD. The Ga is uniformly 
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spread throughout this area, since it is a common element in both the GaSb 
and GaAs. The slight relative deficiency of Ga at the core of the dot compared 
to the area surrounding the dot is owing to the fact that even though the 
elemental ratio for Ga to As in GaAs and Ga to Sb in GaSb is 1:1, the atomic 
mass density for Ga in GaAs is higher than in GaSb (due to the smaller unit 
cell volume of GaAs). The As and Sb content in the analysed area fluctuate. 
As is more prevalent in the area outside the dot, while highly deficient at the 
dot center. This corresponds with the dominance of Sb at the center of the 
dot. The base edge of the dot has a mix of As and Sb due to Sb/As 
intermixing/exchange at the periphery of the dot. This intermixing is similar to 
what has previously been found in low pressure MOVPE-grown dots, using 
STM analysis [21]. For the dot in question (presented in Figure 6.2) the Sb is 
found to be a maximum height of about 7 nm and 23 nm in width. 
 
 
Figure 6.2: EELS map image (50 nm × 20 nm) showing the relative content of the 
different elements constituting a dot and its immediate surroundings. Gallium occurs 
almost uniformly throughout this area. The centre of the dot is deficient of arsenic, 
while antimony is dominant at the centre. 
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6.3 Crystal structure 
Figure 6.3 displays atomic resolution STEM images of a capped GaSb/GaAs 
quantum dot taken in (a) HAADF and (b) bright field modes. Included in these 
are Fast Fourier Transforms (FFTs) of (c) the region containing the dot and (d) 
a neighboring region of GaAs. The area indicated in Figure 6.3 (b) from which 
the FFT for Figure 6.3 (c) was generated shows the presence of distinct 
planar disruptions along {111} planes, as evidenced by the presence of a 
diffuse periodicity along <111> directions. This is likely caused by localized 
strain in the area, introduced by the presence of Sb (from GaSb) in the host 
lattice (which is GaAs).  This effect is not observed in the FFT of the 
surrounding GaAs matrix (shown in (d)), indicating that the inter-planar 
spacing deviates locally from that of pure GaAs. 
 
 
 
Figure 6.3: High Angle Annular Dark Field (HAADF) STEM image of capped GaSb/GaAs 
quantum dot showing an area with a dot taken in (a) dark field (b) bright field. Fast 
Fourier Transforms (FFT) obtained from a selected area which either includes or 
excludes the GaSb dot are shown in (c) and (d) respectively. 
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Figure 6.4: (a) Bright field and (b) HAADF STEM images of the same dot as in Figure 
6.3. (c) Colour intensity map of the lattice dilation of {002} planes calculated across the 
field of view and (d) result of an averaged line intensity profile obtained from the area 
indicated in (c). 
 
The strain observed in figure 6.3 was further studied using the method of 
geometric phase analysis (GPA) [128]. Figure 6.4 (a) and (b) show lower 
magnification bright field and HAADF STEM images of the same dot along 
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with the result of GPA (Figure 6.4 (c) and (d)) done on the area. Figure 6.4 (c) 
is a colour intensity map (blue minimum to red maximum) of the lattice dilation 
of {002} planes calculated across the field of view with (d) the result of an 
averaged line intensity profile obtained from the area indicated in (c). From 
Figure 6.4 (d) it is seen that a maximum lattice dilation of between 5 and 7 
percent with reference to unstrained GaAs is present along {002} planes in the 
dot area. 
 
In Figure 6.4 (c) the strain is seen to be distributed inhomogenously through 
the dot area, with regions close to the interface exhibiting a higher level of 
strain. This is probably due to an inhomogeneous distribution of Sb in the dot. 
 
6.4 Summary 
Detailed elemental studies of a region of a capped QD sample that includes a 
dot revealed a Ga content close to 50%, but fluctuating Sb and As contents. 
The Sb rich region was clearly deficient of As but not of gallium, indicating a 
stoichiometric ratio of Ga and Sb of 1:1. The maximum Sb content was found 
to be at the core of the dot. STEM analysis revealed evidence for the 
presence of strain inside the dot. Geometric phase analysis performed to 
measure the amount and distribution of strain within the dot revealed the 
strain to be distributed inhomogeneously through the dot, with regions close to 
the GaAs/GaSb interface exhibiting higher strain than the rest of the dot. An 
average lattice dilation of 5 to 7 percent with reference to the surrounding 
GaAs lattice was determined along the growth direction. 
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CHAPTER 7:Room-temperature photoluminescence of AP-MOVPE 
grown single GaSb/GaAs quantum dot layer 
 
The optimisation of GaSb nanostructure formation on GaAs was discussed in 
chapter 4. In chapter 5, the effect of the capping procedure on the morphology 
of embedded GaSb/GaAs nanostructures was presented, while a detailed 
study of the structure and composition of an embedded dot was presented in 
chapter 6. Taking into account the results obtained so far, further experiments 
were carried out to improve the luminescence of GaSb/GaAs structures up to 
RT.  
 
7.1 Introduction 
PL is one of the tools used to study the optical emission of semiconductor 
devices.  Since the intended applications of the QD systems are usually at 
ambient conditions it is essential to localize the carriers in the dots even at RT 
in order to suppress thermal quenching of the QD luminescence. The major 
loss mechanism of carriers in QDs [129] and quantum wells [130] in a GaAs 
matrix is thermal activation into the GaAs barrier, followed by non-radiative 
recombination in the GaAs. Non-radiative recombination in the semiconductor 
material is influenced by defects [131-133] which can act as charge traps and 
channels of fast non-radiative recombination for the carriers [134,135]. 
Defects can also induce retardation of carrier mobility and shorten the 
diffusion length of charge carriers [131]. The quality of semiconductor 
materials is a function of growth conditions [134-136]. For both MBE [134] and 
MOVPE [136] the optical quality and crystallinity of GaAs is dependent on 
growth temperature. Typical MOVPE growth temperatures for low defect 
density epitaxial GaAs are in the range of 600 to 650 °C [137]. GaAs grown at 
lower temperatures tends to contain non-thermal equilibrium point defects. 
The effect of capping temperature on the emission energy (in this case it was 
cathodoluminescence) of AP-MOVPE grown GaSb/GaAs QDs has previously 
been studied [90]. However, a cold capping step was not applied, in that work, 
so that the emission peak position varied with deposition temperature due to 
flattening, intermixing, etc. Also, thermal quenching studies were not 
78 
 
performed. In this chapter, the effect of the GaAs host matrix growth 
temperature on the thermal quenching of GaSb/GaAs QD PL is presented. It 
is shown that simply increasing the growth temperature of the GaAs host 
matrix from 500 °C to 650 °C increases the thermal activation energy for 
carrier quenching and eventually allows for PL emission up to RT in a single 
GaSb/GaAs QD layer. 
 
7.2 Results and discussion 
Three capped GaSb/GaAs QD samples were prepared with the GaAs host 
matrix (buffer and cap) deposited at temperatures of 550 °C, 600 °C and 650 
°C, respectively.  These samples will be referred to as sample C, D and E, 
respectively, throughout this chapter. The QD growth temperature, V/III ratio 
in the vapour phase and growth time for these three samples was 530 °C, 
0.175 and 4 s, respectively. These were the conditions that yielded the 
highest density of uniformly distributed uncapped QDs. All three samples were 
‘cold capped’ by a 10 nm GaAs layer, grown at the same temperature as the 
GaSb QDs. Also, 1.5 μm thick homo-epitaxial GaAs samples were prepared 
under similar growth conditions as the GaAs used to embed the QDs in the 
three QD samples.  
 
7.2.1 Effect of growth temperature on homo-epitaxial GaAs 
Figure 7.1 displays 14 K PL spectra for homo-epitaxial GaAs layers grown at 
the three different temperatures. The peak around 1.45 eV is ascribed to 
donor acceptor (D-A) recombination in GaAs [134] and is related to a defect 
level in GaAs caused by GaAs antisites [135]. The peak around 1.5 eV is 
ascribed to electron-acceptor (e-A) recombination and is related to residual 
carbon in GaAs [138]. The peak around 1.515 eV is ascribed to bound exciton 
(BE) recombination [134,138]. The optical quality of GaAs was evaluated by 
comparing the intensity ratio of e-A line to BE-line. It can be seen in Figure 7.1 
that this ratio (e-A/BE) decreases with an increase in growth temperature. 
Also, the ratio of the D-A to BE decreases with growth temperature. The 
relative increase in intensity of the BE line with increasing growth temperature 
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is indicative of a reduction in the incorporation of defects and impurities. 
Generally, the defect-related peaks in GaAs decreased with an increase in 
growth temperature. This is expected to affect the optical properties of the 
capped GaSb/GaAs QDs. 
 
 
Figure 7.1: PL emission of GaAs homo-epitaxial layers grown at different temperatures 
to show the effect on the optical properties. The values of e-A/BE are given for each 
growth temperature.  
 
7.2.2 Effect of host matrix growth temperature on PL of GaSb/GaAs QDs 
Figure 7.2 shows an AFM image of typical uncapped GaSb QDs on GaAs 
obtained for the GaSb growth conditions used in samples C to E. The dots are 
dome-shaped with an average base length and height of 35 nm and 5 nm, 
respectively. 
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Figure 7.2: 1μm2 SPM height image of GaSb QDs on GaAs substrate. The dot density is 
approximately 4×1010/cm2. 
 
Figure 7.3 shows 10 K PL emission spectra for the three capped samples. All 
three spectra are dominated by a broad QD emission band at ~ 1.1 eV. The 
occurrence of the QD emission peaks at similar energies means that the 
average sizes of the encapsulated GaSb QDs are comparable. The shape of 
these QD peaks become more Gaussian (with the longer wavelength shoulder 
decreasing) as the GaAs growth temperature increased. This can be 
attributed to the elimination of large dot clusters such as the one seen in 
Figure 7.2. Emission due to the wetting layer (WL) occurs around 1.3 eV and 
has a very low intensity compared to the QD emission.  This low intensity is 
probably due to the high density of the embedded GaSb QDs, leading to 
recombination of electrons in the GaAs with holes localized mainly inside the 
QDs. The WL emission became more distinctive as the GaAs growth 
temperature increased, suggesting that it formed more uniformly on high 
temperature-grown GaAs. It could also be due to the quality of the GaAs host 
matrix improving at higher growth temperature, thereby reducing non-radiative 
recombination of electrons in the GaAs [94]. The very small emission lines 
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(near the background intensity) observed at around 1.5 eV are ascribed to 
recombination in the epitaxial GaAs and substrate. 
 
 
Figure 7.3: 10 K PL spectra of QD samples C, D and E, excited with 80 mW. The 
emission from the QDs peaks at the same energy. The WL peak becomes more defined 
at the highest GaAs growth temperature. 
 
Temperature dependent PL measurements were performed to investigate the 
quality and thermal stability of the QD PL emission. Figure 7.4 shows (a) QD 
PL peak emission energies and (b) normalised integrated PL intensities for 
the three QD samples at different measurement temperatures. Also included 
in the figure is the intensity of the WL emission for sample E, since it was 
clearly distinguished in the PL spectra and could therefore be studied in more 
detail. The intensities of all the emission bands were normalised to the highest 
band intensity for comparison. 
 
The WL for sample E shows an initial drastic reduction in intensity (between 
10 K and 40 K) and this is accompanied by a red-shift of the emission energy. 
The red-shift in the WL emission peak energy in sample E is stronger than 
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that of the QD emission. This is usually attributed to the enhanced migration 
of optically generated holes from the WL into the QDs with increasing 
measurement temperature [26]. 
 
As showed in Figure 7.4 (a), for samples C and D there is an initial drastic 
red-shift (circled in light blue) of the QD emission peak energy between 10 K 
and 30 K. This is also accompanied by an initial strong decrease in the PL 
intensity, as seen in Figure 7.4 (b). This sudden intensity drop is ascribed to 
non-radiative losses in the GaAs host matrix grown at lower temperatures and 
is deduced from the relatively strong defect-related emission in Figure 7.1. 
The absence of this initial drop in intensity for sample E is probably a 
combination of the improved quality of the GaAs in this sample and the effect 
of enhanced hole migration from the WL into the dots. The latter effect is 
suggested by the strong decrease in the WL emission intensity in this 
temperature range. In general, all samples show a red-shift of the emission 
energy, a trend which is expected due to the decrease in band gap with 
temperature [127]. The red-shift is sample-dependent, however, and is 
weakest for sample E, which suggests that effects other than the band gap 
shrinkage are also at play. 
 
As seen in Figure 7.4 (b) all samples show a quenching of the QD emission 
intensity with temperature, but the rate decreases from sample C to E.  Since 
the quenching of QD emission is typically related to the thermal escape of 
carriers [130,139,140], it means that this process is reduced for sample E 
compared to D and C.  
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Figure 7.4: Varying temperature (a) QD emission energy peaks for QD samples and (b) 
normalised QD PL emission intensity C, D and E. Data of WL emission for sample E is 
also included. 
 
Thermal activation energies (EA) for the emission quenching were determined 
for all three QD samples. This was done through simulating the integrated PL 
intensities as a function of temperature by equation 7.1.  This allowed for an 
estimation of activation energies for competing non-radiative processes [5,94]:   
 
𝐼𝐼(𝑇𝑇) =  𝐼𝐼0
1+𝐶𝐶𝑒𝑒
−
𝐸𝐸𝐴𝐴
𝑘𝑘𝐵𝐵𝑇𝑇
 ,                                            7.1 
 
where I0 is the intensity at 10 K, C a constant and kB Boltzmann’s constant. 
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Figure 7.5: Arrhenius plots of the integrated PL intensity for samples C, D and E. The 
solid lines represent fits to the data using equation 7.1. 
 
The activation energies were deduced from the Arrhenius plots shown in 
Figure 7.5. Least-squares fits to the data yielded 43 meV, 127 meV and 318 
meV for samples C, D and E, respectively. The wetting layer emission from 
sample E quenched with an activation energy of 46 meV. The QD activation 
energies increase with an increase in growth temperature of the confining 
GaAs material, an effect that is closely related to the improved optical quality 
deduced from the results in Figure 7.1. The highest activation energy obtained 
in this study (318 meV for sample E) is larger than other reported values: 140 
meV [94] for a low pressure MOVPE-grown sample, 130 meV [5] for an MBE-
grown sample and 39 meV for an AP-MOVPE-grown sample [92]. This value 
approaches the known hole localisation energy for this material system 
[6,124], but is still significantly lower, possibly due to the presence of interface 
states.  
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Figure 7.6: RT PL for QD samples D and E. The QD emission for sample C quenched at 
200 °C and no emission could be detected at RT. 
 
The improved activation energy with GaAs growth temperature allowed the PL 
to be observed up to RT for a single GaSb/GaAs QD layer. Figure 7.6 
displays RT PL spectra for samples D and E, excited with 80 mW laser power. 
QD emission is clearly visible even with such moderate excitation, indicating 
good material quality. The QD peaks appear at approximately 1 eV. Assuming 
a GaAs band gap of 1.424 at 300 K [142] this gives a RT hole localisation 
energy of approximately 470 meV. This is in the same range as previously 
determined values for MBE-grown [124] and low pressure MOVPE-grown 
samples [6]. 
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7.3 Summary  
Although GaSb/GaAs PL emission could be achieved for samples with 
different encapsulating GaAs growth temperatures, the emission behaviour 
varied. The rate of thermal quenching reduced with increasing GaAs growth 
temperature due to reduced defect densities in GaAs grown at higher 
temperature. RT PL emission was achieved from a single layer quantum dots 
by controlling the GaAs host matrix growth temperature. Higher GaAs growth 
temperatures yielded observable RT emissions at approximately 1eV. The 
hole localisation energy determined for these samples at RT was 
approximately 470 meV. 
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CHAPTER 8: Conclusions and proposed future work 
 
GaSb QDs in a GaAs matrix were successfully fabricated by AP-MOVPE 
using TEGa, tBAs and TMSb as Ga, As and Sb sources, respectively. This 
study focused on optimising the control of the growth process to achieve a 
high density of QDs and optimised the capping procedure to achieve 
GaSb/GaAs QD PL up to RT, which is the typical operating temperature for 
photonic devices. 
 
- The quality of uncapped GaSb QD was evaluated by studying the influence 
of various deposition parameters, such as the V/III ratio, growth temperature, 
source mole fraction and growth time on the size, shape and density of the 
QDs. It was found that low V/III ratios are critical in the formation of small, 
uniform dots with a high areal density on the GaAs surface. 
 
- Since the growth temperature for GaSb QDs on GaAs is usually lower than 
the growth temperature of good quality GaAs, a two-step capping technique 
involving the deposition of a thin GaAs layer at low temperature (i.e. at the 
same temperature as that used for GaSb deposition), followed by the 
deposition of the remaining GaAs capping layer at higher temperatures was 
found to retain the shape of the GaSb dots. 
 
- A detailed HRTEM study of the structure and elemental composition of the 
capped dots revealed a higher concentration of Sb at the center, with the 
periphery being intermixed with As. Measurement of lattice strain performed 
inside  the dost revealed the strain to be distributed inhomogenously in the 
dots. 
 
- RT PL emission was achieved from a single layer of quantum dots by 
controlling the GaAs host matrix growth temperature. Higher GaAs growth 
temperatures yielded QD emission even at RT. The RT QD peaks appeared 
at approximately 1 eV. The hole localisation energy determined for these 
samples at RT was approximately 470 meV. 
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The results obtained in this work pave a way forward for fabricating 
GaSb/GaAs QD based photonic devices using AP-MOVPE as a growth 
technique. Therefore subsequent to the studies performed in this work the 
following work is proposed; growth and characterisation of defect-free stacked 
layers of GaSb/GaAs QDs and growth and efficiency study of solar cell 
devices containing GaSb/GaAs QDs. 
 
  
89 
 
Research outputs 
 
Peer-reviewed journal articles: 
 
C. C. Ahia, N Tile, Z. N. Urgessa, J. R. Botha, J. H. Neethling. "An 
investigation of near-infrared photoluminescence from AP-MOVPE grown 
InSb/GaSb quantum dot structures". Journal of Crystal Growth 458 (2017) 53-
59. 
 
 
Chinedu Christian Ahia, Ngcali Tile, Johannes R. Botha, E. J. Olivier. 
"Photoluminescence and structural properties of unintentional single and 
double InGaSb/GaSb quantum wells grown by MOVPE". Physica B 535 
(2018) 13-19.  
 
 
Ngcali Tile, Chinedu C Ahia, Jaco Olivier, Johannes Reinhardt Botha. 
"Atmospheric pressure-MOVPE growth of GaSb/GaAs quantum dots". 
Physica B 535 (2018) 20-23.  
 
 
Ngcali Tile, Chinedu C Ahia, Ezra J Olivier, Johannes Reinhardt Botha. "HR-
TEM characterisation of structure and elemental composition of AP-MOCVD 
grown GaSb/GaAs quantum dots". Thin Solid Films (Under Review).  
 
 
Ngcali Tile, Chinedu C Ahia, Johannes Reinhardt Botha. "Critical V/III 
dependence of formation of high density GaSb/GaAs quantum dots grown by 
AP-MOVPE". Journal of Crystal Growth (Under Review).  
 
 
Chinedu Christian Ahia, Ngcali Tile, Amalia Navarro, Beatriz Galiana Blanco, 
Johannes Reinhardt Botha., "Long wavelength stacking induced shift of the 
90 
 
near-infrared photoluminescence from unintentional MOVPE grown 
InGaSb/GaSb quantum wells". Thin Solid Films (Under Review). 
 
 
 
International Conference Presentations: 
 
N. Tile, C. C. Ahia, E.J. Olivier, J.R. Botha, “Atmospheric pressure-MOVPE 
growth of GaSb/GaAs quantum dots”. Poster presentation at the 7th South 
African Conference on Photonic Materials (SACPM 2017) workshop held in 
Amanzi Private Game Reserve, South Africa (27-31 March 2017). 
 
 
C. C. Ahia, N. Tile, J. R. Botha, E. J. Olivier, “Photoluminescence and 
structural properties of single and double MOVPE-grown InGaSb/GaSb 
quantum wells”. Poster presentation at the 7th South African Conference on 
Photonic Materials (SACPM 2017) workshop held in Amanzi Private Game 
Reserve, South Africa (27-31 March 2017).  
 
 
C. C. Ahia, N. Tile, J. R. Botha, E. J. Olivier, “Near-infrared 
photoluminescence study of stacking effect and mole fraction on InSb/GaSb 
quantum dot structures”. Poster presentation at the 4th Conference on 
Sensors, MEMS and Electro-Optical Systems (SMEOS 2016) workshop held 
in Kruger Park, South Africa (12-14 September 2016). 
 
  
C. C. Ahia, N. Tile, Z. N. Urgessa, J. R. Botha, J. H. Neethling, “An 
investigation of near-infrared photoluminescence from AP-MOVPE grown 
InSb/GaSb quantum dot structures”. Poster presentation at the 18th 
International Conference on Metal Organic Vapor Phase Epitaxy (ICMOVPE 
2016) workshop held in San Diego, California, USA (10-15 July 2016). 
 
  
91 
 
C. C. Ahia, N. Tile, Z. N. Urgessa, J. R. Botha, “An investigation of the effect 
of GaSb substrate orientation on the growth of InSb quantum dots”. Oral 
presentation at the International Conference on Light Science and 
Applications (ICLSA 2015) workshop held in Windhoek, Namibia (26-28 
October 2015). 
 
  
 
 
National Conference Presentations: 
 
N Tile, C. C Ahia, J.R Botha, Z. Urguessa, ‘Growth of GaSb/GaAs quantum 
structures”  Poster presentation at the 60th Annual Conference of the South 
African Institute of Physics (SAIP 2015) held in Port Elizabeth, South Africa 
(29th June-03 July 2015). 
 
 
C. C. Ahia, N. Tile, Z. N. Urgessa, J. R. Botha, J. H. Neethling, “Investigation 
of MOVPE-InSb Quantum Dots Grown Using TMIn and TDMASb”. Poster 
presentation at the 60th Annual Conference of the South African Institute of 
Physics (SAIP 2015) held in Port Elizabeth, South Africa (29th June-03 July 
2015). 
 
 
  
92 
 
References 
 
[1] P.J. Carrington, A.S. Mahajumi, M.C. Wagener, J.R. Botha, Q. Zhuang, 
and A. Krier, Physica B 407, 1493 (2012). 
 
[2] R.B. Laghumavarapu, A. Moscho, A. Khoshakhlagh, M. El-Emawy, L.F. 
Lester, and D.L. Huffaker, Appl. Phys. Lett. 90, 173125 (2007). 
 
[3] R.A. Hogg, K. Suzuki, K. Tachibana, L. Finger, K. Hirakawa and Y. 
Arakawa, Appl. Phys. Lett. 72, 2856 (1998). 
 
[4]  L. Müller-Kirsch, R. Heitz, U.W. Pohl, D. Bimberg, I. Hausler, H. Kirmse 
and W. Neumann, Appl. Phys. Lett. 79, 1027 (2001). 
 
[5] K. Suzuki, R.A. Hogg and Y. Arakawa, J. Appl. Phys. 85, 8349 (1999). 
 
[6] M. Geller, C. Kapteyn, L. Müller-Kirsch, R. Heitz, and D. Bimberg, Appl. 
Phys. Lett. 82, 2706 (2003). 
 
[7] M. Geller, C. Kapteyn, E. Stock, L. Müller-Kirsch, R. Heitz, D. Bimberg, 
Physica E 21 474 (2004). 
 
[8] M. Geller, A. Marent, T. Nowozin, D. Bimberg, N. Akçay, and N. Öncan, 
Appl. Phys. Lett. 92, 092108 (2008). 
 
[9] T. Yang, L. Lu, M.-H. Shih, J. D. O’Brien, G. Balakrishnan, and D. L. 
Huffaker, J. Vac. Sci. Technol. B 25, 1622 (2007). 
 
[10] J. Tatebayashi, A. Khoshakhlagh, S. H. Huang, G. Balakrishnan, L. R. 
Dawson, and D. L. Huffaker, Appl. Phys. Lett. 90, 261115 (2007). 
 
[11] Y. R. Lin, H. H. Lin, and J. H. Chu, Electron. Lett. 45, 13 (2009). 
 
93 
 
[12] K. S. Hsu, T. T. Chiu, Wei-Hsun Lin, K. L. Chen, M. H. Shih, , Shih-Yen 
Lin, and Yia-Chung Chang, Appl. Phys. Lett. 98, 051105 (2011). 
 
[13] M.-C. Lo, S.-J. Huang, C.-P. Lee, S.-D. Lin, and S.-T. Yen, Appl. Phys. 
Lett. 90, 243102 (2007). 
 
[14] S.-Y. Lin, C.-C. Tseng, W.-H. Lin, S.-C. Mai, S.-Y. Wu, S.-H. Chen, and 
J.-I. Chyi, Appl. Phys. Lett. 96, 123503 (2010). 
 
[15] W. H. Lin, C. C. Tseng, K. P. Chao, S. C. Mai, S.Y Kung, S.Y. Wu, S.Y. 
Lin, and M.C. Wu, IEEE Photon. Technol. Lett. 23, 2, 106 (2011). 
 
[16] F. Hatami, M. Grundmann, N. N. Ledentsov, F. Heinrichsdorff, R. Heitz, 
D. Bimberg, S. S. Ruvimov, V. M. Ustinov, P. S. Kov’ev, and P. Werner, 
Phys. Rev. B 57, 4635 (1998). 
 
[17] X.D. Luo, Z.Y. Xu, Y.Q. Wang, W.X. Wang, J.N. Wang, and W.K. Ge, 
J. Crys. Growth 247, 99 (2003). 
 
[18] E. P. Smakman, J. K. Garleff,  R. J. Young, M. Hayne, P. Rambabu, 
and P. M. Koenraad,  Appl. Phys. Lett. 100, 142116 (2012). 
 
[19] C. Jiang, H. Sakaki, Physica E, 32,  17 (2006).  
 
[20] M. DeJarld, L. Yan, M. Luengo-Kovac, V. Sih, and J. Millunchick, J. 
Appl. Phys. 121, 034301 (2017). 
 
[21] R. Timm,  H. Eisele, A. Lenz, S. K. Becker, J. Grabowski, T.-Y. Kim, L. 
Müller-Kirsch, K. Pötschke, U. W. Pohl, D. Bimberg, and M. Dähne,  Appl. 
Phys. Lett., 85, 24,  5890 (2004). 
 
[22] R. Timm, H. Eisele, A. Lenz, L. Ivanova, G. Balakrishnan, D. L. 
Huffaker, and M. Dähne, Phys. Rev. Lett. 101, 256101 (2008). 
 
94 
 
[23] T. Nowozin, A. Marent, G. Honig, A. Schliwa, D. Bimberg, A. Beckel, 
B.Marquardt, A. Lorke, and M. Geller, Phys. Rev. B 84, 075309 (2011). 
 
[24] A.J. Martin, J. Hwang, E. A. Marquis, E. Smakman, T.W. Saucer, G.V. 
Rodriguez, Allen H. Hunter, V. Sih, P.M. Koenraad, J.D. Phillips, and J. 
Millunchick, Appl. Phys. Lett. 102, 113103 (2013). 
 
[25] M. A. Kamarudin,  M. Hayne, R. J. Young, Q. D. Zhuang, T. Ben, and 
S. I. Molina, Phys. Rev. B 83, 115311 (2011). 
 
[26] F. Hatami, N.N. Ledentsov, M. Grundmann, J. Böhrer, F. 
Heinrichsdorff, M. Beer, D. Bimberg, S.S. Ruvimov, P. Werner, U. Gösele, 
J. Heydenreich, U. Richter, S.V. Ivanov, B. Ya. Meltser, P. S. Kop’ev, and 
Zh. I. Alferov, Appl. Phys. Lett. 67, 656 (1995). 
 
[27] X.D. Luo, Z.Y. Xu, Y.Q. Wang, W.X. Wang, J.N. Wang, and W.K. Ge, 
J. Crys. Growth 247, 99 (2003). 
 
[28] T. Wang and A. Forchel, J. Appl. Phys. 85, 2591 (1999). 
 
[29]  K. Suzuki, R. A. Hogg, K. Tachibana, and Y. Arakawa, Jpn. J. Appl. 
Phys. Part 2 37, L203 (1998). 
 
[30] T. Nakai, S. Iwasaki and K. Yamaguchi, Jpn. J. Appl. Phys. 43, 4B, 
2122 (2004). 
 
[31] M. DeJarld, L. Yan, M. Luengo-Kovac, V. Sih and J. Millunchick, J. 
Appl. Phys. 121, 034301 (2017). 
 
[32] N. Tit, N. Amrane, A. H. Reshak, J. Electron. Mater 39(2), 178 (2010).  
 
[33] Y.T. Lin, T.C. Ma, H.S, Lin, J.D. Wu, and Y.S. Huang, Appl. Phys. Lett. 
96, 011903 (2010). 
 
95 
 
[34] A. N. Pikhtin and H. H. Hegazy, Semiconductors 43(10), 1259 (2009). 
 
[35] X. Lu, D.A. Beaton, R.B. Lewis, T. Tiedje, and Y. Zhang, Appl. Phys. 
Lett. 95, 041903 (2009). 
 
[36] J. Wu, J. Appl.Physi. 106, 011101 (2009). 
 
[37] A. Luque and A. Martí, Phys. Rev. Lett. 78, 5014 (1997). 
 
[38] A. Luque and A. Martí, Semiconductors 38(8), 936 (2004). 
 
[39] E.F. Schubert, J.M. Kuo and R.F. Kopf, J. Electron. Mater.19, 521 
(1990). 
 
[40] L. Tsybeskov, D.J. Lockwood, M. Ichikawa, Proceedings of the IEEE 
97 (7), 1161 (2009). 
 
[41] R.A. Soref, Silicon-based optoelectronics, Proceedings of the IEEE 
81(12), 1687 (1993). 
 
[42] K.L Wang, D. Cha, J. Liu and C. Chen Proceedings of the IEEE 95 (9) 
1866 (2007). 
 
[43] A. Karmous, O. Kirfel, M. Oehme, E. Kasper and J. Schulze, IOP Conf. 
Ser.: Mater. Sci. Eng. 6 012020 (2009). 
 
[44] M.L. Lee, E.A. Fitzgerald, M.T. Bulsara, M.T. Currie, and A. Lochtefeld, 
J. Appl. Phys. 97, 011101 (2005). 
 
[45] J. Welser, J.L.Hoyt, and J.F. Gibbons, IEEE EDL 15, 100 (1994). 
 
[46] J. Friedman, M. Meghelli, B.D. Parker, J. Yang, H.A. Ainspan, A.V. 
Rylyakov, Y.H. Kwark, M.B. Ritter, L. Shan, S.J. Zier, M. Sorna, and M. 
Soyuer,  IBM J. Res. Develop. 47, 259 (2003). 
96 
 
 
[47] J. Liu, X. Sun, D. Pan, X. Wang, L.C. Kimerling, T.L. Koch, and J. 
Michel,  Opt. Express 15(18), 11272 (2007). 
 
[48] J. Liu, X. Sun, R. Camacho-Aguilera, L.C. Kimerling, and J. Michel, 
Opt. Letters, 35(5), 679 (2010). 
 
[49] L. Nataraj, N. Sustersic, M. Coppinger, L.F. Gerlein, J. Kolodzey, and 
S.G. Cloutier, Appl. Phys. Lett. 96, 121911 (2010). 
 
[50] A. Martí, N. Lopez, E. Antolin, E. Canovas, A. Luque, C. R. Stanley, 
C.D. Farmer, and P. Diaz, Appl. Phys. Lett. 90, 233510 (2007). 
 
[51] Y. Maeda, Phys. Rev. B 51, 3 (1995). 
 
[52] D. Kovalev, H. Heckler, G. Polisski, and F. Koch, Phys. Stat. Sol. (b) 
215(2), 871 (1999). 
 
[53] P.K. Giri, J. Phys. D: Appl. Phys. 42, 245402 (2009). 
 
[54] A. Kanjilal, L. Rebohle, N.K. Baddela, S. Zhou, M. Voelskow, W. 
Skorupa, and M. Helm. Phys. Rev. B 79, 161302(R) (2009). 
 
[55] A.V. Kolobov, S.Q. Wei, W.S. Yan, H. Oyanagi, Y. Maeda, and K. 
Tanaka. Phys. Rev. B 67, 195314 (2003). 
 
[56] W.K. Choi, V. Ng, S.P. Ng, H.H. Thio, Z.X. Shen, and W.S. Li, J. Appl. 
Phys. 86, 1398 (1999). 
 
[57] W. Skorupa, L. Rebohle, and T. Gebel, J. Appl. Phys. A 76, 1049 
(2003). 
 
[58] H.-Ch. Weissker, J. Furthmüller, and F. Bechstedt, Phys. Rev. B 65, 
155328 (2002). 
97 
 
 
[59] S. Takeoka, M. Fujii, S. Hayashi, and K. Yamamoto, Phys. Rev. B 58, 
7921 (1998). 
 
[60] L. Nataraj, F. Xu, and S.G. Cloutier, Opt. Express 17(8), 7085 (2010). 
 
[61] L. Dong, J. Schnitker, R.W. Smith, and D.J. Srolovitz, J. Appl. Phys. 83, 
217 (1998). 
 
[62] M. Suezawa, Y. Sasaki, and K. Sumino, Phys. Stat. Sol. A 79, 173 
(1983). 
 
[63] R. Sauer, Ch. Kisielowski-Kemmerich, and H. Alexander, Phys. Rev. 
Lett. 57, 1472 (1986). 
 
[64] S. A. Ivanov, A. Piryatinski. J. Nanda, S. Tretiak, K. R. Zavadil, W. O. 
Wallace, D Werder and V.I. Klimov, J. Am. Chem. Soc, 129 (38), 11708 
(2007). 
 
[65] B.J. Riel, Am. J. Phys. 76 (8), 750 (2008). 
 
[66] C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, 
Toronto), 6th ed (1986). 
 
[67] N. W. Ashcroft and N. D. Mermin, Solid State Physics (Saunders 
College Publishing, New York, (1976). 
 
[68] E. O. Chukwuocha and M. C. Onyeaju, IJSTR 1, 7, 21 (2012). 
 
[69] E.O. Chukwuocha, M.C. Onyeaju, and T.S.T. Harry, World J. Cond. 
Matt. Phys. 2, 96 (2012). 
 
98 
 
[70] P. Harrison, QUANTUM WELLS, WIRES AND DOTS: Theoretical and 
Computational Physics of Semiconductor Nanostructures, (John Wiley & 
Sons) 2nd ed. (2005). 
 
[71] A. GARG, PL CHARACTERIZATION OF PATTERNED QDs AND 
INVERSE QDs, (University of Illinois at Urbana-Champaign) MSc Thesis, 
(2010). 
 
[72] G.G. Zegrya, A.D. Andreev, Appl. Phys. Lett. 67,  2681 (1995). 
 
[73] S. Guha, A. Madhukar, K.C. Rajkumar, Appl. Phys. Lett. 57, 2110 
(1990). 
 
[74] H.S. Park, S.J. Park, Y.M. Kim, J.C. Woo, J. Korean Phys. Soc. 30 
s155 (1997). 
 
[75] R. Timm, Formation, atomic structure, and electronic properties of 
GaSb quantum dots in GaAs, (Technische Universität Berlin), PhD Thesis 
(2007). 
 
[76] E.R. Glaser, B. R. Bennett, B. V. Shanabrook, and R. Magno, Appl. 
Phys. Lett. 68, 3614 (1996). 
 
[77] C.-K. Sun, G. Wang, J.E. Bowers, B. Brar, H.-R. Blank, H. Kroemer, 
and M.H. Pilkuhn, Appl. Phys. Lett. 68 1543 (1996). 
 
[78] M.E. Rubin, H.R. Blank, M.A. Chin, H. Kroemer, and V. Narayanamurti, 
Appl. Phys. Lett. 70, 1590 (1997). 
 
[79] B.R. Bennett, P.M. Thibado, M.E. Twigg, E.R. Glaser, R. Magno, B.V. 
Shanabrook, and L.J. Whitman, J. Vac. Sci. Technol. B 14, 2195 (1996). 
99 
 
 
[80] P.M. Thibado, B.R. Bennett, M.E. Twigg, B.V. Shanabrook, and L.J. 
Whitman, J. Vac. Sci. Technol. A 14 (1996) 885. 
 
[81] B.R. Bennett, R. Magno, and B.V. Shanabrook, Appl. Phys. Lett. 68,  
505 (1996). 
 
[82] B.R. Bennett, B.V. Shanabrook, P.M. Thibado, L.J. Whitman, and R. 
Magno, J. Crys. Growth 175/176, 888 (1997). 
 
[83] R. Magno, B.R. Bennett, and E.R. Glaser, J. Appl. Phys. 88,  5843 
(2000). 
 
[84] K. Suzuki and Y. Arakawa, J. Crys. Growth 201/202, 1205 (1999). 
 
[85] M. Kudo, T. Mishima, S. Iwamoto, T. Nakaoka, and Y. Arakawa, 
Physica E 21 275 (2004). 
 
[86] K. Fu and Y Fu, Appl. Phys. Lett. 94, 181913 (2009). 
 
[87] L. Müller-Kirsch, U.W. Pohl, R. Heitz, H. Kirmse, W. Neumann, and D. 
Bimberg, J. Crys. Growth 221, 611 (2000). 
 
[88] Motlan, E.M. Goldys, and T.L. Tansley, J. Crys. Growth 236, 621 
(2002). 
 
[89] Motlan, K.S.A. Butcher, E.M. Goldys, and T.L. Tansley, Mater. Chem. 
Phys. 81, 8 (2003). 
 
100 
 
[90] K. Drozdowicz-Tomsia, E.M. Goldys, M. Motlan, H. Zareie, and M.R. 
Phillips, Appl. Phys. Lett. 86, 173113 (2005). 
 
[91] Motlan and E.M. Goldys, Appl. Phys. Lett. 79, 2976 (2001). 
 
[92] Motlan, E.M. Goldys, and L.V. Dao, J. Vac. Sci. Technol. B 20, 291 
(2002). 
 
[93] L. Müller-Kirsch, R. Heitz, U. W. Pohl, D. Bimberg, I. Hausler, H. 
Kirmse, and W. Neumann, Physica E 13, 1181 (2002). 
 
[94] L. Müller-Kirsch, R. Heitz, A. Schliwa, O. Stier, D. Bimberg, H. Kirmse, 
and W. Neumann, Appl. Phys. Lett. 78, 1418 (2001). 
 
[95] L. Müller-Kirsch, A. Schliwa, O. Stier, R. Heitz, H. Kirmse, W. 
Neumann, and D. Bimberg, phys. stat. sol. (b) 224, 349 (2001). 
 
[96] L. Müller-Kirsch, N.N. Ledentsov, R. Sellin, U.W. Pohl, D. Bimberg, I. 
Hausler,H. Kirmse, and W. Neumann, J. Crys. Growth 248, 333 (2003). 
 
[97] T. Kawazu, T. Mano, T. Noda, H. Sakaki, J. Crys. Growth 311, (2009) 
2255. 
 
 
[98] T. Kawazu, T. Mano, T. Noda, and H. Sakaki, Appl. Phys. Lett. 94, 
081911 (2009). 
 
101 
 
[99] T. Kawazu and H. Sakaki, Appl. Phys. Lett. 97, 261906 (2010). 
 
 
[100] B. Liang, A. Lin, N. Pavarelli, C. Reyner, J. Tatebayashi, K. Nunna, J. 
He, T.J. Ochalski, G. Huyet and D.L Huffaker, Nanotechnology 20, 
455604 (2009). 
 
[101] C.-C. Tseng, S.-C. Mai, W-H. Lin, S.-Yi Wu, B.-Y Yu, S.-H. Chen, S.-Y. 
Lin, Jing-Jong Shyue, and Meng-Chyi Wu, IEEE J. Quant. Electron. 47, 
335 (2011). 
 
[102] W.-H. Lin, C.-C. Tseng, S.-Y. Wu, M.-H. Wu, S.-Y. Lin and M.-C. Wu, 
Phys. Stat. Sol. (c) 9 (2012) 314. 
 
[103] V. Polojärvi, A. Gubanov, A. Schramm, R. Koskinen, J. Paajaste, J. 
Salmi, S. Suomalainen and M. Guina, Mat. Sci. and Eng. B 177 (2012) 
1103. 
 
[104] F. Qiu, Y. Lv. J. Guo, Y. Sun, H. Deng, S. Hu and N. Dai, COL 
10(Suppl.), S21603 (2012). 
 
[105] F. Qiu, Y. Lv. J.H. Guo, G.J. Hu, Sun, H.Y Deng, S.H. Hu, N. Dai, Q.D. 
Zhuang, M. Yin, A. Krier and Z. Zhao, IEEE INEC, 203 (2013). 
 
[106] T. Kawazu, T. Noda, T. Mano, Y. Sakuma, H. Sakaki, J. Crys. Growth 
378, 475 (2013). 
 
[107] M. Hayne J. Maes, S. Bersier, and V.V. Moshchalkov, A. Schliwa, L. 
Müller-Kirsch, C. Kapteyn, R. Heitz, and D. Bimberg, Appl. Phys. Lett. 82, 
4355 (2003). 
 
102 
 
 
[108] H. Yang, R. Liu, Y. Lü, L. Wang, T. Li, G. Li, Y. Zhang and B. Zhang, 
Chem. Res. Chin. Univ. 30(1), 13 (2014). 
 
[109] A.C Jones, M.L. Hitchman  Chemical Vapour Deposition: Pocesses 
and Applications (The Royal society of Chemistry) Chapt 6 (2009). 
 
[110] G.B Stringfellow, Organometallic Vapour Phase Epitaxy: Theory and 
Practice (Academic Press, San Diego) (1999). 
 
[111] G. B. Stringfellow, Organometallic Vapour Phase Epitaxy: Theory and 
Practice (Academic Press, San Diego) Chpt. 4. (1999). 
 
[112] P.W Lee, T.R. Omstead, D.R. McKenna and K.F. Jensen, J. Crys. 
Growth 85, 165 (1987). 
 
[113] M. Yoshida, H. Watanabe, and F. Uesugi, J. Electrochem. Soc. 132 
677 (1985).  
 
[114] T. F. Kuech and R. Potemski, Appl. Phys. Lett. 47, 821(1985). 
 
 
[115] C.A. Larsen, N.I. Buchan, S.H. Li and G.B. Stringfellow, J. Crys. 
Growth 94, 663 (1989). 
 
[116] G.B. Stringfellow, Organometallic Vapour Phase Epitaxy: Theory and 
Practice (Academic Press, San Diego) p 5 (1999). 
 
103 
 
[117] R.M. Graham, A.C Jones,   N.J. Mason, S. Rushworth, A. Salasse, T.-
Y. Seong, G. Booker, L. Smith and P.J. Walker. Semicond. Sci. Technol. 8, 
1797 (1993). 
 
[118] C.A. Larsen, S.H L and G.B. Stringfellow, Chem. Mater. 3, 39 (1991.) 
 
[119] J.L. Zilko, Handbook of thin-film deposition processes and techniques: 
principles, methods, equipment and applications, Chapter 4. ed. by K. 
Seshan, (William Andrew publishing), page 151 (2002). 
 
[120] S. Li, Q. Chen, S. Sun, Y. Li, Q. Zhu, J. Li, X. Wang, J. Han, J. Zhang, 
C. Chen and Y. Fang, Nanoscale Res. Lett., 8:86 (2013). 
 
[121] K.F. Longenbach and W. I. Wang, Appl. Phys. Lett. 59, 2427 (1991). 
 
[122] E.O. Chukwuocha and M.C. Onyeaju, IJSTR 1, 7, 21 (2012). 
 
[123] I. Farrer, M.J. Murphy, D.A. Ritchie and A.J. Shields, J. Crys. Growth 
251, 771 (2003). 
 
[124] D. Alonso-Álvarez, Benito Alén, Jorge M. García, and José M. Ripalda, 
Appl. Phys. Lett.91, 263103 (2007). 
 
 
[125] M. Hayne, O. Razinkova, S. Bersier, R. Heitz, L. Müller-Kirsch, M. 
Geller, D. Bimberg, V.V. Moshchalkov, Phys. Rev. B 70, 081302 (R) 
(2004). 
 
[126] O.J. Pitts, S.P. Watkins, C.X. Wang, J.A.H. Stotz, T.A. Meyer, M.L.W. 
Thewalt, J. Crys. Growth 269, 187 (2004). 
 
[127] Y.P. Varshni, Physica 34:149 (1967). 
 
[128] M.J. Hÿtcha, E. Snoeck and R. Kilaas, Ultramicroscopy 74, 131 (1998). 
104 
 
 
[129] C.M.A. Kapteyn, M. Lion, R. Heitz, D. Bimberg, P.N. Brunkov, B.V. 
Volovik, S. G. Konnikov, A. R. Kovsh, and V. M. Ustinov, Appl. Phys. Lett. 
76, 1573 (2000). 
 
[130] J.D. Lambkin, D.J. Dunstan, K.P. Homewood, L.K. Howard, and M.T. 
Emeny, Appl. Phys. Lett. 57, 1986 (1990). 
 
[131] D. Zhitomirsky, O. Voznyy, S. Hoogland, E.H. Sargent, ACS Nano 7, 
5282 (2013). 
 
[132] A.J. Almeida, A. Sahu, A. Riedinger, D.J. Norris, M.S. Brandt, M. 
Stutzmann, R.N. Pereira, J. Phys. Chem. C 120 13763 (2016). 
 
[133] Ahia, C.C., Physica B (2017), 
http://dx.doi.org/10.1016/j.physb.2017.06.007. 
 
[134] K. Kudo, Y. Makita, I. Takayasu, T. Nomura, T. Kobayashi, T. Izumi, 
and T. Matsumori, J. Appl. Phys. 59, 888 (1986). 
 
[135] G. Torres-Delgado, J.G. Mendoza-Alvarez, C. Vazquez-Lopez and C. 
Alejo-Armenta, J. Vac. Sci. Technol. A 15, 3, 971 (1997). 
. 
[136] M.S. Feng, C.S. Ares Fang, H-D. Chen, Mater. Chem. Phys. 42, 143 
(1995). 
 
[137] P.D. Dapkus, H. M. Manasevit, K.L. Hess, T.S. Low, and G.E. Stillman, 
J. Crys. Growth 55, 10 (1981). 
 
[138] M. K. Hudait, P. Modak, S. Hardikar and S. B. Krupanidhi, J. Appl. 
Phys. 83, 8, 15 (1998). 
 
105 
 
[139] G. Bacher, C. Hartmann, H. Schweizer, T. Held, G. Mahler, and H. 
Nickel, Phys. Rev. B 47, 9594 (1993). 
 
[140] M. Venning, D.J. Dunstan, and K.P. Homewood, Phys. Rev. B 48, 2412 
(1993). 
 
[141] K. Watanabe, S. Tsukamotoa, Y. Gotoh, N. Koguchi, J. Crys. Growth, 
227, 1073 (2001). 
 
[142] W. Martienssen and H. Warlimont,  Springer Handbook of Condensed 
Matter and Materials Data, (Springer Berlin Heidelberg), page 623 (2005). 
 
